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DEVELOPMENT OF ANALYSL.. FOR INVESTICATION OF MILLIMETER
WAVE. INTEGRATED CLIRCUTITS

by

Bairy £. Splelman
Naval Research Laboratory
Wasnington, D, C. 20179

INTRODUCT 10N

Microwave integrated circuir (ML) tecl aiques have developed
rapidly in recent years in the trequency range from D-band uvp into J-band.
The benefits resulting trom MIC technology--savings in component cost,
slze, and weight--ave also desirable tor iystem applications at tre-
quenc ies in J-band and above. Attempts to apply circuit integ:2tion
techniques at millimeter wave frequencies have encountered several
rroblens,  Some of these problems are: (1) high transamission line loss,
(2) bigh cost, (3) a need for broader bandwidth capability, (4) a lack
of design data, and (9) a need for transmission lines with greater
suitahilifty tar component impicmentiaiio..

This paper describes a research etfort which is oriented to develop
computer-aided analysis methods which will not only enable the in-
vestigator to inexpensively and systen atically evaluate new transmission
media, but will also furnish design in{ormation for components employing
fse . ed and coupled parallel transmission liaes. An in-house, computer-
aide. . quasi~TEM analysis, suitable for characterizing a variety ot
lossless ‘solated and coupled transmission lires below 40 CHz, has been
extended to compute conductor and dielectric lusses in these media. A
discussion of this extemsion is presented, Illustrative computations of
conductor and dielectric loss coefficients are presented for both micro-
“trip and coplanar waveguide. Flans are discussed related to a recently
1 itiated effort to develop a methad of moments analysis which adequaiel~
treats nonmagnetic, dispersive media and determines hipher order modes

for propagation &t {requencies through and above 40 Glz.
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QUAST-TEM ANALYSIS DEVELOPMENT
Lossless Medi=

The investigation desciibed here was initiated as a logical exteusion
of previous in-house research relaiing vo the development ¢f directional
couplers for broadband MIC applications. huring this previous ettfort
the primary problem was to reduce the degradation of cougler divectivity
res Lting trom different even and odd mode phase velocities in commonly
emploved coenfigurations of coupled transmission liaes, For the puipose of
solvirg this probler a computer-aided, method of moments, quasi-TEM analysis
was developed, with suitabilit for determining propagation characteristics
in a sarlety of lossless, isolated, and coupled transmission lines for
applications below 40 GHz, The accuracy ot this analysis has oeen
demonstrated for computat s of isolated microstrip line character-
fatics [1,2] end via microwave measurements of computer designed directtonal
couplers employing: (1) microstrip with a slotted ground plsne (27,

{2) coupied microstrip with n ground plane of redvced cxtent [2], and
i Jieleciric overiays.l 3]

In order to ass<ss the higher transmission line losses encournitered
at millimeter wave frequencles this analvsis has been extended to
determine conductor and diclectric losses as described i{n the next two

sections,

Conductor Losses

The method used to compute rupagation iosses dus to imperfect
conductors in either isolated or coupled transmission lincs 18 descocibed
as {ollows. The loss ccetfictent due to conductor losses, a, ior an
isolated trensmissicn lire or the vven or odd mode transmission line for
a coupled line pair can be expressed as

Pd

_ (@)
"

2 P(

Here, Ed is the time average power dissipated per unit length due to

conductor losses and Ff is the time average power flow along the line,
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P, is expreased approximately an

2
v
f 7 ‘

0

.
where iVI is the amplitude of static voltage impressed across the conductors
ot this sysctem, while Z is the value of {mpedance determined by the

[

lossless analysis referred to in the previous section. i’.l is described
«

inftially by
P, = Pe|? R das ()

cond

In cquation (1, |h| is the amplitude of magnetic field st the boundarices
of -onducters in the sysctewm, R is the surfe-e resistance of the (onductors
(all taken to %e the same material here). The integratich in cquation {1
is tallen over the surfaces of all conduccors {n the trunsmission line
under consfderation. The magnetic field in the los-y problem is approxi-
mated by that in the lossdeas problem, which in turn can be represented in
terms of an equivalent charge distribution (4], q, determined in the

salution ot the lessiess probiem. Heuce,

)

4 4 R r
- O

p N S e
d T (s €
o
ettt cond

2
lq]” ax (&)

Ihe antepral in equation (41 is numerically approximated by a suvamation

and the eftfective reiative permittiviey, (€ ) , iy determined o0 sistent
ett

with the lossless analysis formulation set down previocusly 27, The surtace

resistance R is determined by

- v 5y
R 3 \
where §ds the operating frequency and 7 ois the d. o) conductivity ot the

metal,  Usang cquations (2), (4, and (') topether witn equatica 1, the
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conductur loss coctfictent can ne approximated as

n
.35 72 . uo ' ,
o0 G s
(!C (dR/in) = Ty N V J IQI dt (6
IVI (e (1 ‘“ cond
e

As an {llustrative exanple, the conductor losi coeflfictent was
computed ftor & microstrip fine with an ftmpedance oi ‘ﬂ)j).(nnminnlly*.
The linewidth was 0.024 inch, the substrate thickness was 0.0U29 inch, the
sthatrate dieclectrae constant was 10.0, and the metalication was taken 1o
0.00025 fuch thick. The d.¢. conduciivity, 7, was taken to be

9.61 x 10-?fl-(nch. The computed values ot @ are t.opresented in Figure !
L

by the solid curve. ihe reference values, represented by a broken curve.
Are Jue (0 A computer pragram vession of Schocvtder's resulra, 757

As another illustrative exarmple, the conducter logs coetticlent wan
computed by the method develcped her: for a 50l coplanar waveguide.
The linewidth ot the strip was 0,025 inch, the gaps {n the conductor were
0.01065 inch, the xubstrate thickness was 0.0 inch, the subatrate odi-
electric ¢onstant was taken to be 10,4, Ayxain, the metalization thickness
was 0,00025 inch with 0 = 9 ol x 10-7‘1~inch. Figure 2 shvws the « mputed
Oc versuy trequency tor this care. Fer celerence the computed av toy

mlicrostrip s teplottea in Figure ..

DMeleceric Losses

Consistent with the quasi-TEM approach set dowvm {n previous section.
and using an spproach similar tc one du. to Schneider 7ol for isola.ed,

even mude, or ndd mode transmission lines the dlelectric loss coefficien’

i can be expre-ised as

d'
27.3 T/G') X
o= eff (tan &) (7
d [ ett
whare (¢ ) is determmined dy the method discussed tor —quaitior (&, ¢
e
is the apeed of light i free 8p.ce, and (tan S can be v pressed as

eft
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In eaquation (8}, N is the number of different homogeneous dielectric
rezlons ir *he tranemiss’inn line cross section, tan 6n and (cr) are the
loss tangent and relarive permittivity of the uth dielectric tegion,
respectively, The partial derivative in equation (8) is approximated by
a finite difference quotient.

Using equations (7) and (8), @y was computed for the same microstrip
axauple described in the prsvious section. The resulte are represented
by the solid curve in Figure 3. These are compared with reference valuess
due to Pucel, et. gl. [?] for reference.

For the coplanar waveguide described in the previcus section, ay

was computed and is plotted in Figure 4.

DISPERSIVE ANALYSIS
Due to dispersion and higher order moding, the quasi-TEM analysis

approech has limited validity for applications above 4G GHz, Effort is
cerrently underway on the development of & method of moments, computer-
alded analyais which adequately treats nonmsgnetic, dispersiv. media and
determines higher order wndes. This asnalysis will be useful f~r appli-
cations above 40 GHz. The successful developuent of this analysis will
furnish a means for generating accurate design data for both coenductor
oriented transmission medis fe.g.,nicrostrip, microguide, trapped inverted
microstrip) and dielectric oriented transwission media (e.g., image line
end insular waveguide). Such data would lead to substantial reductions in
enigineering «nd fabrication expenditnres in investigations which couid lead
to ilmpre red passive cumponents (e.g., couple:, hybrids, filters). Further-
more, the capesbility. furnished by this analysis, of studying higher order
modes in a variety of media could lead to the isclaticn of a mode with

more desirable loss characteristics.
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SUMMARY
The effor: described in *hia pres-utation is unique in its capability
for inexpensively wund systematically investigating a wide variety of
transmissior liae medis, raducing costly engineering snd fabrication cests
by exploiting versatile, computer-atded analysis methods. The in-
vestigative approach uaderway can: (1) furnich design curves for
development efforts, (2) allow for comparative and feasibility evaluations

and (2) snould lead to components with improved characteristics,
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LLOW-COST HIGH- PERFORMANCF MILLIIMETER INTEGRATED
CIRCUITS CONSTRUCTED BY FIN-LINE TECHNIQUES
by
Paul J. Meier

Applied Electronics Division
AIL, a division of CUTLER-HAMMER
Melville. New York 11746

Integrated fin-line techmiques Liave teen pronosed as a superior
method for ronstructing millineter integrated circuits (references 1 and 21,
The advantages of integratoed fin-line over microstrin at millimeter wave-
lengths include iower lo s, less stringent tolerances. better conpatibility
with hybrid devices, aad simple wavepwmde interfaces. This peper will de-

scribe low-cost, high-performanco millimeter components which have been

to demonestrate the capamiity of integrated tin-ime. e coin-

pc nents include a PIN attenuator and several band-pass filters.

Figire 1 shows the cross-section of a fin-hne structure which
is suitable for mounting semiconductor devices. Metal fins are prinfed on
a dielectrie substrate which bridges the broad walls of a rectanguiar wave -
wiide.  The substrate material can have a low dielectric corstant, which
e¢ases tolerance problems at mihimeter wavelengths.  In the structure
shown_ the upper fin is insulated firom the housing, at de by a diclectrie gas-
kel, bu' is grounded at RF by choosing the thickness of the broad walls to be
a quartcr wavelength in the dielestric medivm,  Bias mayv be applicd to a
semiconductor device mounted between the insulated tin and lower iin, which

15 direcetly grounded by a metal gasket.
Figure 2 shows a test fidture whicn mates directly wath twa

standard WR28 waveguides and has identical inner dimens:ons (0,140 ~

0. 210 inch). The substrate is cut from . 010-inch Durod and includes six




mounting hold s and two stepped edges.  The latter protrude into the abutting
WR28 wavepuides and serve as quarterwave transformers. After « :tablish-
ing a low-reflection transition between WR28 wavepuide and a slotted wave-
guide loaded by a diciectric slab fd b - 1.0}, the substrate metallization is
tapered until the desired gap between the fins is obtained. The measured
VSWR of each transiti m is 1.2 or better across the 26.5 to 40 GHz band.
The substriate metallization also includes an RF-blucking network cenaected

to the upper fin.

To demonstrate the compatibility of integrated fir-line with
semiconductor devices. two beam-lead PIN diodes (Alpha D5840B) were
mounted across the fins near the center of the previously discussed sub -
strate (d b - 0.1). The diodes were spaced a qu rter wavelength apart at
a frequency near the lower end of the instrumentation band. The measured
insertion loss of the PIN fin-line attenuater 1s niotted in Figure 3 as a func-
tion of bias. with frequencyv as a parameter. At the lawer end of the hand,
where the diode spacing is optimum. the reversed-bias insertion luss of
the atte: aator is only C. 3 AB, thereby demonstrating the capabibity of con-
structing low-1loss semiconductor mounts in fin-line. As the bias is varied
in the forward direction, the attenuation varies smoothly over a 14-dB range
throughout a 20 -percent band. This level of performance ciearly shows that
more complex circuits such a2s phase shnifters, amplifiers, mixers, and
local oscillators can be successfully constructed in fin-line by low-cost

bavch techniques.

In fin-line circuits where semiconauctors are not reouired,
lower loss can ve obtamed by printing the fins on both sides of the dielec-

tric substrate and grounding these directly to the housing (refereunce 2).

Tu demonstreate the capability of constructing low -cost passive
millimaeter components i integrated fin-line. various filter components
were prinied on 0, 020-inch Duroid, as shown 1 Figure 4, One- and four-

pole inauctively coupled filters cre shown at the center ol the photograph,

N2 2
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surrvounded by four substrates. each printe d with a sinyle inductive ¢lement,
By measuring the insertion luss of these eiements across the 26, 5 to 40 GHz
-and, families of design curves were generated to present the shunt suscep-
tance as 1 function of strip width, with free-space wavelength as a param-

oter,

based ujm the characterizaiion of {in-line filter elements and
published design curves (reference 3). a four-pole equal-eclement filter has
been constructed and tested. ¥Figure 5 compares the calculated response
with some preliminary measurements. The calculation was performed by
a computer -aided technigue which solves for the overall ABCD matrix of
the entire filter network. The good agreement that has been obtained be-
tw een the {our-pole measurements and theory demonstrates that integrated
fin-line is an exce llert medium for constructing low -cost millimeter filters,

particularly for those applications where the unloaded Q can be less than

&

0. or where close integration is desired with hybrid circuits.

In summary. this paper has described some examples of low-
cost hiigh-performance millimeter components constructed in integrated fin-
line. The high level of performance obtained during this preliminary pro-
gram clearly shows that fin-line construction techniques may be profitably
employed in a wide range of millimeter components and systems. Integrated
fin-lire is markedly superior to microstrip at millimeter wavelengths, where
the former offers lower loss, less stringent toierances. simple waveguide

interfaces, and better compatibility with hybrid devices.

This programn was sponsored by AIL under the direction of
K. §. Packard, M. T. Lebenbaum, and J. J. Whelehan. . Fleri and
J. J. Taub formulated the initial program plan and made technical contri-
Lutions throughout the program. Technical assistance was provided by
R. Gibbs, L. Hernandez, and A. Kunze.
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frequencs band wath an TH vutput of £.0 - 8.0 CHe and o conver-ion low.,

ot approxtmately 14, 0 R
o INTRODE O VHON

Fhe purpose of the progran: «as o advance tecbnology teadie the v oae
to madermursang the high end of 0 wade - band recewvec,  ach s the AN T -
0 ousing i rowive anteerated areut technoque=. Predicus woprk Yo denon

strated that MO oo the form of ceramie Micro=trip ore an effects o s an

of buildiy mercwave components th: oupeh the Trequency range of s v
and, oerhaps, baghor, has program continued the avestigation ol tee
mtegratible circutt clements i order To permit milcrowase e rate,
cuits to be constructed at fregquencies as hgh s 1000 G PFivee e o
strat,on vehicle chosen to establish feasthilite of the techiniques dewe foped
was a down-converter op crating from 320 GHe to 360 e wen b v ol

interace directly with a4 0 to 8 0 GHe imayre resec hion e L iront
built 1n ceramic microstrip.

Fhe followiap vhara terstics were established as poals:

Frequeney Ranges (siimal) S0 - S0 0 Gl
Voocal Cscillater JHOGH 2 (ined)

1 FO - wou GHe




Tangential Sensitivity -75 dBm (20 M1, 1H)

I dB compression point -20 dBra mi- -mum
Spurious Signal 75 dBm dow.,
Final iF Qutput Frequency 60 MHz

Mitnimum M TRV 1G, 000 hours

2. TRANSMISSION LINES

Most of the transmission line in common use for microwave frequencies
con be applied to the ~ub-rmillimeter wave region of 16.0 to 40.0 GlHz.
These include waveguide, ridge waveguide, circular waveguide, co-planar
waveguide, and ceramic waveguide, as well as coaxial lines, microstrip,
stripline, trapped inverted microstrip, slot-line, unbalanced suspended
substrates, bhalan:ed suspended subetrates and other more experimental
forrms of TE .J-mode transmission 'ines. For the purposes of this program,
it was felt that it was desirable to restrict an investigation to TEM- and
pseudo-TEM-mode trans:mission line; both because of the lung term potential
for their increased bandwidth as wel' as their inherent flexibilitv to inter-
face with active devices such as mixer and source diodes. In order to
achieve true inteyration, we alsc feit that the technique to marufacture must
be relsted to photo-lithographic and automatic chassis construction; ihus,
coaxial lines, except in areas of transitions were also rejected as a method

of manufacture of the receiver, The dielectric losses of solid diel

o~
LS 08 3 N ANSS O i e

stripline make it unsuaitable at frequencies above 18.0 GHz and, it is our
judgment that slot-line techniques have rot been developed to a sufficient
degree to permit their use in a practical raceiver at this time. This, then,
reduced the choice to three iransmission lines which we felt had possibie
promise for appiication to the receiver ceramic microstrip, TIM line,
and suspended substrate lines.

At
SO0

Cerainic microstrip is a well estabvlisned technique for microwave |
integrated circuits, but suffers from increased insertion losses at elevated .
frequencies; which, while not excessive, nevertheless degrade the perforr.-
ance characteristics. More significantly, the reduction of the dimensions
of distriruted line companents [, the result of the Ligh dielectr:c constant
results in extremely tight tolerances which ve felt vvould make the approach
excescively cxp~nsive and incompatibl~ witl, « cost effective design approach. VS

Trapped "verted Microstrip, or TIM, is a ncvel type of transmission )
line invented at Microwave As-ociates for the purpose of reducing the b
radiation discontinuities ccmpared to conventional n.icrostrip, without
having te pay the penalty of increased line ioss. TIM line also possesses
severai other useful features and is potenticlly attractive transmission
line mediu’n for use in MIC technology. Although sorne earlier tests have
been encouraging, it was decided that once again the extremely tight dimen-
sional tolerances required fo. component developmert in this {requency range
plus moding problems related to the increased line widths necessary for this
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consiruction as comparced to ceramic microsteip ruled it out as a method
of manufacture within the time frazme of this program.

The (ransmission line technique cuosen for the construction of the

receiver was a balanced suspended substrate structure shown in Figure 1R,

In this configuration a pair of equal potential conductors is placed on each
side of the dielectric substrate support. It differs from the unbalanced
substrate shown in Figure (A, in that because of the equi-potential line
registration virouzlly no field exists within tne dielectric substrate, thus
reducing, or eliminating, totally iis contribation to line insertion locs, A
turther ndvantage accrues from the fac. that the dielectric 18 air. The
effective wavelength of the line is increased compared to other tyves of
transmi: sion line, thus improving the aspect ratio ot components to be
built at sub-millimeter frequency. A 0.004" thickness substrate, a 0.001"
thick equi-potentizl conductor, a 9. 044" chanre} height package was chosen
as the basic transrmission line, A test fixture was built which is shown in
Figure 2. Insertion loss data for this transmission line was more than
satisfactory and is shown in the loss curve of Figure 3. The originral sub-
strate mat.'rial chosen was an epoxy rlass composite, however, final suu
strate material used in the receiver was a woven teflon fikerglass material
which provides stable support for the suspended line and cin be processod
with conventional photo-etching equipment thus reducing its cost of manu-
facture. The transmission line is suspended above the channel which is

made by aptical milling technigues in the basic chassis.

3. CIRCUIT FUNCTINN

Since most interfacing equipment, as well as test equipment, is still
made in vaveguide rather than in a TEN mode transmission line, it was
necessary to design the transition which would permit the wavequide ‘*o
interface directly with the integrated package, A tra: sition devel jped
operated over an extremely wide range and actually j:rovided sat)sfactory
operation from 27,0 GHz to 28,0 (\11z. This data i: <hown in Fiaure 4,
a p.ot of VSWR vs. frequency. Additional components developed for the
receiver included a handpass filter, a 90° hybrid which was convertoed 1nto
a balanced miver and a directional coupler for test purposes. In order (o
provide image retection over the RF band and to prevent spurious signals
at lower frequancies from entering the receiver, a five-section bandpass
filter was designed. This filter was huilt using short-circuited stubs
spaced one-quarter wavelength along the line. The stubs which are nomin-
ally one quarter wavelength 1 e the design freauency wore transposed, in
this case, to be three-quarter wavelength long stub ir crder to fransform
their impedance to a higher level, thus maintaining a reasonable aspect
ratio and avoiding the problems of leading at the junctions of the line. A
test Tilter was built using the previouasly developed waveguide transmission
and its performance is shown in the curve of Figuro 5.
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FIGURE 2 2" LONG SUSPENDED SUBSTRATE TEST LINE
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A quarter-wavelength side-co. pied directional coupler was also fabricated
in suspended substrate line to serve as a RIT input coupler. it demonstrated
a flatness of ¢+ 1.0 dB acroas the band and a VEWR contribution of typically
less than 1.5 across the band. More significant to the development of the
down- converter was a three-section branch-arm 90° hyhrid. Although the
handwudth required for this program would normally indicate a two-arm
hybrid, the advantages gained by the three-arm hybrid in terms of reduced
int>rface rapa~ity due to higher impedance branches was considered to be a
significant advantage, and thus the more complicated design was used.  The
nerformance of this circui: was shown in the curves of Figure ti. This hybrd
was then integrated with an ¢pen-circuit stub band reject filter which provided
the necessary RIC blocking tor the diode configuration ¢f the balanced mixer.
The diodes chosen were sj ecially selected low-capacity (0.07 pF) glass
passivated beam lead Schottky diodes which were mounted on the =ubstrates
by thermal compression bonding techniqies between the output arms of the
90° hybrid and the input of the bandstop filter assembly. Ekxternal filter
bias points were provided in order to permit indi 1idual diode muonitoring:,
and/or dc bias,

4. INTEGRATED RECEIVER

All of the above circuit fuactions plus a waveguide Gunn oscillator and
a microstrip image rejection mixer assembly were intc grated in a final
down-converter in accordance with the block diagram shown in Figure 7.
The bandpass filter, directioral coupler and balanced mixer along with the
appropriate transitions and bias filtering was included in 2 single suspende
substrate chassis. This is shown in the photograph of Figure 8. The Gunn
oscillator was directly coupled to the substrate by means of the cavity to the
svspended substrate transition and the output was fed through c 4. 0t0 8 0

GHz preamplifier into an image rejaction mixer asserrbl~.

Figure 9 shows the overall fimshed assembly with all of these comnerern-=,
The measured electrical performance of the receiver showed pood compiiance
with the program goals. A 4.0 GHz tandwidth was achieved with an Tl
bandwidth operating trom 4.0 - 8.2 (iilz in the first converter and at 60 N\,
in the second converter. The conversion loss from 32.0 to 36.0 GH= (o
C-band is shown an Figure 1€ and is typically 11.0 to 5.0 dB across tne
band with a maximum conversion loss of 18,0 dB orcurring at 34. 0 Gliz.
This measurement dees not include any IF amplifier gain.  This would permit
a worst case tangential sensitivity of -76 dBm with a 20 MHz [F bandwidth.
The 1 dB compresasion poiut occurs at approximately -5 dHm, thus permitting
70 dB  dynamic riange. Although provisions were made fer de biasing the
¢iode it was found, in practice, that thi1s was not necessary and that a4 common
c¢c return between the two diodes cculd be used. The MTBLE of the entire
assembly, including the amplifier and iimage rejection mixer subassemblies,
was calculated in accordaice with MIL.- STD-217A. The M U'BE calculated for
the aasembly was 22, 345 hours.
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FIGURE 8

32 GHz TO 36 GHz INTEGRATED CONVERTOR CHASSIS AND CIRCUST
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WIDEBAND MICROSTRIP COMPONENTS

AND THE IFM DISCRIMINATOR __. v
by Lt
D. L. Saul -

Naval Electsonics Laboratory Center
San Dicgo. California 92152

INTRODUCTION

This paper describes progress at NELC in the development of microwave mtesrated
circwits ane cormponents for use i the lower ehf region. This w ork kas been accomphished as _
part of a continuing MIC deveiopment eftort under NELC's Independent Rewearch and Inde- R
pendent kxplora’ »ry Development Program. The trequency region of interest under ihis
portion of the Program extends from 20 to 110 GHz, although the results included here arc
hased on work n the 26.5-40-Gifs band.

One of the primary objectives of this eftort has been development of components sut-
able for use in surveillance receivers. OF particular interest have been receivers of the instant.i-
neous frequency measuring (IFM) rype. 1o this end, a discriminator of 2 tyte switable tor 1FM
receiver use hae been built in microstrip. This unit operates over :hie tull 26.5-40-GHz band.

A number of indvidual comporents have “een deveioped. mciwimg power spiitters,

90 and 1RO hybhrid juactions of the hranched-arm coupler and reverse-phase hybrd ring types.,
respectively. and waveguide-to-microstrip transitions.

“'HE CIRCU!T MEDIUM "

Mirostrip imne fabricated on an wrradiated polyolefin dielectiic substrate ofters certam ;
sdvantages for applications in the subjuct frequency range. This muaterial’s fow relative permit-
tivity (e, = Z.3) allows cucuits and components to be tabricated which are neithier unreasoniahly
smail nor subjeci to dimensional constraints that mught fead (o extiente tabrication ditficultios.
The matenal i relatively inexpensive and casily obtained. {n the torm selected tor this work,
the dicrectric material contams i woven fibers or other mechaaical reintorcement. The dieiee-
trre is modified inits molecular strocture during manutacture by meens of an arradiating process
JLsimed by the vendor o naprove temperature Behavior and niechanical stability. The resuitine
product is reporiedly able to tolerate & much wider range of environmentat cond*tions tharn
unmodified polyoletin diclectrios,

No quantitative ‘nformation s vet availabic regarding the toss tangent of this o atenal at
miinneter wavelengihs Fxperimental daty gathered on microstop hine attenuation at Iy quen-
cies un 1o 40 GHz suggest, however. that the loss tangent remains reasonat 'y low at frequencies
well ahove the conventional microwave bands. Diata suppiied by the mamacturer mdicate
value of

tand = 27x10 ¢

bused on a measurement pe:formed at 9. 47 GHze using & resonant cavily aad cavaty perturbation
rechnique. L
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The diclectric used Tor thas work s 0.010 inch thick, and s obtained in sheets with
copper foil of 0.0014 inch thickness bonded (o both sides. Circuits are maoe by a conven-
tional photofabrication process. Photoresist is apphed by spinning, and. afer exposure and
developing. cxooss copt o s ctched away by a solution of ferne chionde.

The copper todl = somewhat ibicker than would be most avorabl: tor work involving
close dimensional tolerances. Mamtaning accurate fine width and circuit dimensions can be
difti ult beciuse of the tendeney of the etchant to vndercut the exposcd edges of conductors.
Tae problem does not turn out 1o be as severe, however, as first appearances might suggest.
Eperience has shown that the width of microstnp fines can be maintained to within a mit or
better it reasonable care s exerased throughout cach step ot fabrication.

A line wadth ot 0.023 mch was adopted for microstrip hine to give a characreristic
impedance of 60 ohms,

TRANSITIONS

Sicoe vir sadiy all test eqinpment Jor use n the métlimeter region s equipped wadl, rec-
tangular wavegiide connections, it was necessary to tabricate wavegid- to-microstrip transi-
tions. Sioe wadeband operation was destred . a design utilizimg a Short longth of rectaneular
wavegiide contauing o ridgeiine transformer section was determined 10 be most sultable.
Various examples were tabncated using Tehebychett transformers with steps placed /4 apart,
and others were made usine smoothly tapered transiormer sections. Figure 1eay illustrates the
comstrociion of umt will severad A 3 ctepss Dhe design toand o he best sited tor laboratory
work , howevermcorporates a ndpelme troesformer section i winch ridge beight varies as the
cosine tuncnion over the wternvia: O to oo The lengta of the section s L4 inches. This design s
ilustrated m tigare 1) A b o shown in the dinstration is provided ot point A to connect
the ridgehne to the nucrostrip. it e lewer wall of the waveguide oxtends outward slightly to
facilitute connzction to the gronndpiane on the substrate’s under side. The corners of the ridge
at the open end of the wavepuid! are chamfered to reduce the etteci of capacitne discontinuity
in the 1egion of the point of contact.

In the tmal desipn o small, cavity-hke structure was mstalled at the open end of the
waveguide atter direct siginal radiation was found to be occurring. This radiation, maaifesting
wselt in the form of excessive transmission loss of as much as 1 dB near the upper end of the
ound. was observed 1o be coming trom the vicinity of the point ot which the mcrostrip hne was
connected o the tnmsitton. The radiation™ physical mechanisi. remains undet investigauon,
although o practical means of suppressing it has been devised. Excitiation of one or more spuri-
ous surface wave mades may be responsible.

By way of performance, the measured VSWR of a pair ol transitions and a F-inch length
ol mucrosteip hine is typwealiv less than 1.2:1 over the full 26.5-49-GHy band. Each transition
i~ observed to have an mserhion loss of about 0.35 dB. The nuacrostrp hne jiself exlubits o loss
i about 0.31 dB peranch at 26.5 GHz, increasing gradually to about 0.46 dB per inch at
40 (GHz.

THE DISCRIMINATOR
A dasctimnnator ol the ty pe used for TFM receiver applications may be referred to as an

mstantancous trequency decomicator GFD), a term which serves to distinguish it from other
tynes of diserinunators such as those used tor FM signal cemoduiation.
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In terms ot practical application, the IFD's purpose is to respond to an input of signal
in such a way that the input sign. I's frequency and power level can be commumcated to oper- .
ator personnel in the form of a visual polar display. In such a display. the angle cf a radial
strobe has @ one-to-one correspondence with a given input signal’s frequency., and the Jength of
the strobe’s radius vector is proportional to the input signal's power level. Use of a single IFD
to cover a very wide band of frequencies is often desirable from a praciical standpoint, and .
capability to operate over a 3:2 hand of frequenaies is considered a reasonable goal for coverage o
in the subject frequency region.

Figure 2 shows the discniminator circuit w schematic torm, and figure 3 shows the
ricrostrip circuit layout. The circuit utibzes fov: hybrds of the  werse-phase ring type and
one ol the briunched-arm coupler type. It will be noted that tan o it exploits the phase
properties of the 180° and 90° hybrids in such 4 way that 10 separate phase shifter is needed
to obtain the quadrature outputs necessary to produce a potir display of the type mentioned
previously.

The IFD circuit’s operation is best described mathematically. For the sake of convens-
ence and simplicity, a convention is adopted such that phase delays along vazicus signal paths
of equal electnical lengths are omiited from the mathematical representations of signals. since
these nhase delays are arbitrary in nature and have no direct bearing on principles of coreut
opervation. The Nigures of monit of the detectors are also omitted for simildat 1.as0ny.

Numbered and lettered reterences in the following « iscussion apphv to figuie

The tnput signal V; at point 1 can be expressed as

Iy

Vo = it vos wi
i P

in which FU( Dasan arbaitroy amphitude moauiating function, w s the radan frequency ot the
tf input signal. and tis time. Hybrid H s connected to function as a power dwider. Lines L
and L+ are oy unequal electnical lengths such that y

Ly- 1 AL #0
The signals applied to Hy and Hy toliowing the power split cf “i can thus be represented as
Eyv
—\/._T cos (wt -ﬁLI)
and
Epto)

respectively, with phase constant 8 defined as the rate of change of pluse with respect wo dis-
tance along o transmission hine for fixed values of time. The value of 8 is given by

cos (wt = Bl.5)

I—:‘rr
8=

m which A s wavelength.




Hybrids Hy and By are wlso conneeted to function as power divaders. Lines Ly Ty Lg.

angd Lﬁ all have u|ll.|| cleetnical Ie ngths  The outputs of H > and ll; ot the indicated reference
points can thus be expressed as follows:

Al pomt <+ i Y

< ~—‘—-\'p_\iwl—ﬁ[.|)
At po.at § -

At pomt 6 byt

— vos lwt - BL 1)
At point 7 -

The purpose of hybrid H is to recombine the signals passing along lines 1 3 and L5 from
pury Y 4

points 4 and 6. Since iy v 1807 hybrid. signals at points 8 and ¥ can be reprc\u'tul hy the
foliowing:

I‘:()(()

At point 8, T s (wit -,’3!.1 ) + cos (wi - ﬁl:j
Foth

At pomnt Y, TR oWl - Bl - cos (wt - L)

Using the trigonometric wdentiry
cos X+cosY = 2ueom ' X+ Y)reon (X -Y)
the signal at point 8 may be expressed as
Eglt) _ .
—=—{ vosjwi~": 3 (L) + 1]} con AL

B

Assurmng squin e-law detcction, the signal at pont 1 2as found to be

bmtt)
(
———)’ cus: Ny (pall;

Usting the trizoaometric wennty
con i -eonY - “2amtatX+rYisim (X -Y)

the signal o point Y can be expeessed as

Fn | 1
"\/—,:" 1 sinfewt -2 (l.‘ + Lyt an L {BAlL
A ] -
which, alter square-haw detection, yields
by ,
s 3410
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at poind * 3. Taking the ditference of the detected signals it points 12 and 13 by means of
ditferential amphiier A and applying trigonometne dentity

A A )
cos X =-sm= X = cos 2X
it 1s found that Output A, at point 1o, i

i)
) 1
Output A = L

3

cos AL

Since § has an approximately tocar of frequency dependence, Qutput A undergoes o
costne variation as the discriminator’s input signal is varied in frequency. Notu abvo that the
output varies as the square of modulation amplitude and heace as the power tevel of the input
signal.

Hybrid li5 serves to recombine signals passing from points S and 7 a.ong lines Ly and
L. respectively. By a rnathematical process similar to the foregoing. outpi.: B at point 17 can
be shown to be

)
-

sin SAL

thus providing the remaining member of a pair of quadrature outputs needed for the polas
aIspiay.
The angle § of the polar strobe s 2ivea 'ty

¢ = gAL

It is generally desirable to linit the angular vauations of 4 to 1 maximum of 360° to avoud
ambiguity. For a frequency range of wy to w. this requires that
AL

_\—/5(“’2“"I’<2" .

in which V() is propagation velocity i the transmission lines.
CONFIGURATION ALD PERFCRMANCE

Fos pmposes ol laborator, evaluation, the microstrip discrinvinator has izdially been
equapped with waveguide-mounted wideband detectors. This configaration is llustrated in
figure 4. Future plans call for detectors to be meunted in hybreid 1C form directly on the
substrafe.

Preliminary performance dataare contianed in figures S and 6. Figure 5 shows a polar
plot of a frequency sweep from 26.5 to 40 Gz, with a marker cach 0.5 Gile, Figure 6 154
plot of linearity, which shows a maximum deviation of about £20° from an ideal siraeht line.
Th= preliminary nature of these performance data 1s again emphasized. and it shouid be noted
that the discrimnator is still under development. Tie information contained in figures 5 and
6 wits. 10 tact, obtained approximatzly 2 weeks sfter the discriminator’s first opetation in the
laboratory.
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DISCRIMINATOR COMPONL NTS

The reverse-;hase hybrnd rning has been used 1 vanous forms at lower frequencies for
many years. In such a hybrid ring, wideband periormance s obtuined by replacinp the conven-
tional hybnd ring’s 373 arm with a /4 amm, including a fiequency-insensstive reversal of phuse.l
In microstnip, this can be accomphished by fabricating a nine structure with fous A/4 arms and
instalthing a *“twist™ i one of the arms tor the purpose of phase reversal. The tvast conssts of
ashort length of parall. Hplate line which s physically twasted to invert the ends of the hine.

It has heen found that miscrastop line can be Gipered off in a very short distance to torm
parallei-piate line for the prrpose of making the required twist. Che phase reversal can thos be
in:roduced without serious lov of performance. This technique was feveloped J. Keindel
of NELC.

Pertormance of the 20.5-30-GHz e cise-phase hyvbrid ringas quite good over the enure
band. ard probably beyond  Octeve bundwid ths have been achieved ai e wer treguencies with
hybrids ef simnlai design. Hybnids of the type used i the discriminaor have been found e
provide iselation of 20 dB or hetter throughout the band while maintairing & uniformity of
power split v «thin { dB. Input VN is typreal'y less “han 1.2:1 throughout the bhand with
three ports ternmnated in thewr charactenistie impedance.

T* * branciied< m coupiet used in the present discrmicgtor aircuit nas consideraoly less
bandwidth capability thas the reverse-phase hybnd rings. Although a reasonably good power
split is obiain~bie witu such a unit over i full wavegwide bard, the VSWR incresses rather
sharply near the hand edges  Linearity of the diseriminator would probably be improved s
better wideband YU hybrid could be placed i the circuit. A hybnd utilizing a coupled-l.1e
structure mughi onfer impros emeat i fabrication difticuities could be avercome.

REF"™ "VYN(CES

[. Wiley. R. G and Withams, 0 ML “Spectrum Display L instantancous.”” Microwaves,
August 1970, p. -4

2 Uymashe, Wo Voo Hylas AV E A Wide-Band Hybrid Ring fos UHF,” Proceedings of
the IRE . Junuary 1953, po =107
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MILLIMETER WAVE SOLID STATE

RECEIVER AND TRANSMITTER COMPONENT DZVELOPMENT
by
J. E. Raue, F. J. Bayuk, A. I. Ohashi and L. T. Yuan

TR Systems
Redondo Beach, CA 90278

INTRODUCTION

Increasing interest by the military in the EHF band, particularly in
the 35 to 40 GHz and 55 to 65 GHz bands, both for communications and electronic
warvare applicetions, in high performance systems and subsysiems under-
scoras the need for developing critical component technology in these
f-equency bands. These inciude transmitter components such as solid state
amplifiers, power combining techniques, upconverters and frequency sources,
as well as receiver components such as mixers and LO sources. In addition,
cupporting components such as filters, hybrids, circulators, switches, etc.,
are of interest.

TRW's development emphasis has been on high performance, trroadband
components. These state-of-thke-art millimeter wave components have been
generally designed for wideband operaticon in order to provide maximum
flexibility for applications (spread spectrum communications, frequency
hopping radars, high data rate anilog and digital systems, bdroadband radic-
meters) and ° - operate over a temperature range.

TRANSMITTER COMPONERTS

Statz-of-the-art performance of several key transmitter cumponents is
described.

Broadband Varactor Doubler/Upconverter

This compcnent was designed as an upper sideband doubler/u :onverter
capable of efficiently upconverting a 2 GHz wi: * S-band signal te Ka-band.

This unit represents two components, a frequency doubl - and an upconverter
combired into one - using a Ku-band pump (2t approximateiv 17.5 GHz) er
S-band sional (2 to 4 GHz) s upconverted to a Ka-band out. ut at 47-39 GHz.




This component is shown in tigure 1. The tnree ports, wavegquide output and

oump, as well as the coaxial IF input port, are clearly visible. Tnis unit
exhibtits a 1 dB bandwidth over 2 GHz, with an IF tc AF conversion loss o¥
less than 3 dB and ar RF conversion efficiency of 12 dB, including isolator

and filter losses. The RF output nower is 5 mW,

Figure 1. S-vo-Ka-Band Upconverter with 2 GHz of Bandwidth.




‘;) Low Q Ka-Band Power Conbiner

A series of Ka-band cylincurica! resonator tyne combiners have been

developing as depicted in Fiqure 2. These include bo. - wavequide coupled

rextreme . 2ft and right) and coaxial line coupled combiners (center).
These circuits which combine power “rom six individual coexial circuits
pariphaily spaced around and maagnetically roupled to the rescnant cavity
have been cpevated both in th. fundament> | TMOlO made as well! as in tne
TMGQO modz, with corparable resuits at 33 and 37 GHz. Utilizinua s5ix
typical 100 nW diodes, total output pow>r of 500 to 6C0O nil was oktained at g
cperating junction temperatures below 265°¢. Operated as inject:ion locked |

amplifiers, exterr.! ('s s iow as 20 have been measured.




Avalanche Ampl:‘fiers

A variety cf millimeter wave avalanche amplifiers nave been developed,
both at 35-40 GHz and 55-65 GHz range, as summarized in Tabie 1.

Table 1, Avalanche Amplifier Performance Summary

Qutput

Frequency Power 3;5 Gain
GHz m Efficiens C d8  Bandwidth 5 » BY  Amplifier Mode

7 200 2.5%  175°%¢ 13 2.6 GHz (Two-Stace) Keaative
Resistance

37 300 ;.05 180% 25 0.2 GHz 6 GHz Tnjection
Locked

64 150 6.4  175°%C 12 1 GHz 4 GHz Heaative
Resistance

55- k5 100-200 5-7%  200°C 23  1.3G:z 18 GHz Injaction
I crked

gtilizing single 4vift Si diodes, amplifiers have been developed to
operate in the negative resistance and injection io-k2d mode. Emphasis is
o reliable operation at reasonable junction temperatures. State-of-the-
art nerformance was achieved at V-band with an amplifier exhinitinag 6.4
percent power added efficiency with a junction temperature rise of 175°C,
as well as with an injection locked amplifier with 1.3 GHz of ‘ocking

bandwidth at a gain level of 23 d8, for a voltage a2. :-bandwidth preduct
ot 18 GMz.
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RECEIVER COMPONENTS

On the receiver <ide, high performance front ends have been develoned
at both Ka ard V-bands. Typ‘cal performance of the Ka-band balanced mixer
preamplifier, for example, is 7.5 to 8 dB noise figure (SSB) with an IF
centered at 600 MHz (measured over 400 MHz of bandwidth).
including short slot nrybr:d, ic shown in Figure 3.

This component,
At V-band a compact

Figure 3. Ka-Band Beianced Mixer Preaimplifier Receiver Front FEnd

mixer-preamplifier was developed with 9 dB $58 ncise figure measured over
a 600 MHz IF fraguency range (centered at 1 GHz).




Figure 4, V-Band (55-65 Ghiz) HRaianced Mixer preamplitier

The IF ampiirier of the Ka-band unit utilized alumina substrate, the
V-cand anit feztures a 1 x 1/2" sapphire substrate, GaRs mixer diodes
are ysed ir. the V-band unit, the Ka-band unit utilizes Si mixer diodes.
Both typically operate with LO power levels of S5 mW.

PASSYVE COMPONENTS

A number of key passiva components are required in developing cemplate
RF transmitter end reseiver subsystems, including filters, circulators,
transitions and 3 4B hybrids. Table 2 summarizes the performance of these
ccmporents. The unique cosmon features of these components are that they
are alil electrofermed and fixed tuned. Emphasis in design was placcd on
truly high performance and high relisbility - both were achieved. For
example, two Ka-band short siot hvibrias are sirown ip Fiqgure 5, flanking a
Ku-hand split-block hybrid. The slecrrofirmed Ka-band hybrids exhihit a
design banawidth uf 5 GHz, a maximum power unbhalarce of 8.25 dB, o minimum
of 25 4B isolation and a 1.7 VSWR.




)

TABLE .

PERFNRMANCF SUMMARY OF ELECTRUFORMED PASSIVE COMPONENTS

Cer “er Insertion
Freg.ency Loss  Isolation
component _ _ (GHz' Bancwidtn (dB) (dB) VSER
3 dB Shoru Slot
Hybrid 30-27 4 GHz 0.2 25 1.1
Fixed Tuned Band-
Pass Filters 30-38 400 MHz .2 --- ]t]
556-65 <00 MH2 3 .- 1.2
High Pass
Filters 30-38 --- 0.1 30* 1.7
Circulators 55-65 2 GHz 0.3 0 1.15
WG-Coaxial
Transition 3 5 GHz 0.2 - 1.2

*1 GHz Below Design Pass Frequency

Figure 5.

3 dB Cliort Slot Hybrids



An electroformed 55 to 65 GHz circulator is shown in Figure 6. This turnstile.
Y-junction design typically has a bandwidth of ¢ G4z, an insertion loss of
0.3 dB and a maximum VSWR of 1.2. No dielectric material of any kind is used
for matching, couplina or ferrite support,

k)

Fiqure 6. V-Band Waveguide Juncticn Circulator

Yhe fixed tuned filter capability at TRW encompasses high pass and
bandpass filters, including three and five section filter designs. Total
absence of tuning screws results ir lowest insertion loss and hiahest

unloaded Q. Unloaced Q's of 80 percent of theoretical have been repeatably
achieved.
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ﬂ Fiyure 7 shows two V-Band fixed tuned bandpass filters, cne filter cut
open for view. The fixed tune filter capability was oriainally established

——— -

Figure 7. Fixed Tuned V-Band Bandpass Filter

s e, sccions ;. DA (I

at V-Band and subsequently scaled down to Ka-bard and further Jeveloped. i
Some'typical performance data is shown in Figure B. This unique desiqn

capability ras recently been expanded to include a range of bandwidAth from !
0.25 to 6 percent.

A1l components have been evaluated over temperature ranges typically g
50 to 100°C with only minimal changes ir performance.

e e e et
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JOSEPHSGN-EF?F .CT DETECTORS
AT MILLIMETER AND SUMMTLLIMETRR WAVELENGTHS
by
Richard G, Rrandt
OffSce of Naval Research
1030 X. Greem St.
Pasadens, CA 91106

INTRODUCTIOR
A Josaphson junction consimts of two superconductors which are waakly
connected so tha. electron pairs (which are the current carriers) can {low
from ons superconductor to the other. Tha junction can take the fcrm of a
chary metal point making con sct with a metel block, two metl films sepa-
rated by a thin oxide barrier or a oingle metal film whosa width or curreat-
carrying capacity 1s locally reduced.

One ramarkuble aspect of such junctions, called the dc Josephson =mffect,
is the fact tha' a staady current can flow through the junction in the
sbsence of an appliad voltage. At voltages large enough to break the
clectron pairs, the junction becomes an ordinary ohmic device. At
voltages less than required tc destroy the superconductivity, the current
which flows oscillates st & frequency propoccional to the . voltage.
This phenomenon is kaowm as the ac Josephscn effect and is important for
decection since extremely weak external signals can interact with this in-~
ternal oscillation giving rise tc varioucs frequency conversion processes,
such #o wmixing, rectificatior, and parametric amplification. The upper fre-
quuncy limic for such processes i¢ in tha submiilimeter range vhen the
photons bacome sutficiesntly energetic to break electron pairs.

Equivalent circuit representaticns are availsble for arzlyzing the
bshavior of Josephson junctions in detector configuracicns. In s e sirplest
model the Josephsca junction 18 rspresented by s perfect Josephson element
shunted by a small constant rasistance. The Josephson element {is highlv
nonlinear: the current through the element is proporticnal to the sine
function of the time-integrated volt ge acroas the eleweni. Analog simu-
latione have besn espscialiy valuable in studying such ciccults and hava

provided the understanding uecessary to construct well engineered devices.

D6-1
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DETECTOR PERPORMANCE

In Table 1 a compsrison ie made of the best operating characteristics
that hove been achiaved at 1 mm wavelength for varisus iwcoherent detectors,
both superccnductor and semiconductor types. The superconductor bolometer
has both the lowest NEP znd tho largest input bandwidth for this clgss of

datectors which gives it the cgpabdbility of 1esolving target femparsture

diffeérences smaller than 10_2 K for a i second integration time. The sensi-

tivity of this device is axpected tc remain constant Chroughout the milirg-

meter range. The only dlsadvantsge of the superconductor bolometer is its

relativaly slow response time of 10 to 100 ms.

Tabje II gives a comparisun of varinus coharent detectors at 1 mm

wavelenzth. The performance of GaAs mixers is seriously degraded abcve

microwave frequencies, The InSd het-electvon mixer cooled to liquid helium

temparature has very high senszitivity up to 1000 GHe, but is inherently a

!

-1 !
very narrowband (2 MHz) device. It i{s predicted that the ss e NEP (2 x 10 ol ;
"Iﬁ;_‘ can ha I:

an he schizvad wiih a Josephson miwer which would have sveowhal

grester bandwidth (20 MEz). Thie performance has been demonstrated at

36 Ciis, and prelininary measurements ax 144 GHz ara cncouraging.

SUMMARY

Josephson-effect detectors have become cowrsritive with semiconuyuc-

gor devices in the miliimeter region. Continuing research on superconduc-

tor dutectors, particulariy on parametric amwplification devices, could

icad to further gubstantial isprovements. In view ¢’ the Navy's commit-

ment to Jevelopmaut of crvoganic ship propvlsion machinery, serious ceneid-

eration shculd be giver to use of Josephson-etfecc detsctors in future
millimecer-wmve systems.

REFFERFNCES

1. Pxocendinge of the Internaticnal Confe.ence on the Detection and

Emission of Electrcaagnetic Radtatic : by Josephson Junctions, Revue de
Physiaua Appliguee, vol. 9 (1974).

2. A. A, Ternzias and C. A. Burrus, annual Reviews of Astronomy and
Astrophysics 11, 51 (1973).
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RECIPROCAL AHD NONKECTIPROCAL YHASERS FOR
USE AT MILLIMETER WAVELENGTHS

Lawrcnce R. Wnicker and Chavles W. Young, J-.
Naval Research Laboratory
Washipgton, D.C., 20375

INTI.ODUCTION

High performance millimeter wavelength phase shifterz ary needed for
electronically scanned phased array sntennas, and too performing various
control functions such as switching in radar, communications, znd electromnis
varfare systews. As at lower frequencies, there are presently two phaser
configurstions which are gsuited for use ifa the 20-100 GHZ range. Thes-
ghaser types arz the latching, toroidal, unonrcciprocsl phaser {1-1; and
the latching, dusl-wode reciprocsl ph.ser. (4. )

in thiz paper, the present statc-c~l-the-art for toroidei, nonrreciprocal
phasers and dual mode phasers ere reviewed gad projected performance for
these phaser Zypes sre presented. A .ditionally, a current program at the

Y¥nra)l Bascoreh lahavatnery is described This
D Rage ~adoratory 18 eeCTiDed srie

program is attcapting tn
1

drnaden the operating banduidth of the turoidel ronreciprocil phase shifter

te cover the 26-40 (H: range.

THE TOROIDAL NWPELLPROCAL PHASER

«ork oun the toroidal, mouieciproral jlhaser has beer underway in the
Ynit.d ntates since eariy in 1953, The hasic operating mechsnism of this
tvpe of phaser is reviewed in Figuve L. Figure l{a) show: the {eyrrimag-
acrtic torwid contered in efther a standard or reduced width wa 'eguide,
Viguresi(b) and 1(c) review the two types of comstyuction which are normally
urilized. Cewputer gsrogrems ave utilized to optimize the phaser designs
at center frequencies ranging frow ab-ut 3 to 35 Che. In designing such
phaiers, it is desired tc¢ selec: a ferrimagnetic mazerial such zhal &
fixed remanent flux demsity to oprrating frequercy i1s naiviained. However,
st frequencires above shout 33 GHz, tl:s caunot be done. The choice then
15 to use materials aaving th: largest possibli saturation magnetization
whiile maivtawning a good sjusreness rat o . MNickel zirc ferr’tes and
Lithium titanfum fterr.tes offer the highest availsble saturation mowent of

ahout 5 000 gauss.

NULASSIFIED
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Pyesent Performance

In 1966, Stern and Agrios (6) reported om a 33 %.iz high power switch
using 90° phade shifter e.ements. A similar geometry was used b, Whicker,
Degenford and Wantuch (7 -8) in investig:tirg phase shifters in tle
35-"4 GHz region. The greometry used in 35 GHz :ad /5 GHz designs are
shown in Figure 2. FPhase shift data obtained using two Nickel Zine
matericzls are rchown 1n rigures 3-4. 3everal 35 GHz phasers have subse-~
guently been {abricated. Phase shifter propertie. for 35 GHz units and
projected perfoimance tor o 75 GHz unit are listed in Table I. 1z should
be noted (liat because of severe tolevances and present machining capability,

the cata !isted .n rigure % is not for a truly optimized 75 GHz phaser.

It appears that to-uildal designs are best suited for use b:low abou: 60 GHz.

Table I A
NONREZIPROCAL PHASE SHIFTER PELFORMANCE
T E, A% .3 GHz 75.5 GHz
Bandwidth 34 - 35 GHz 77 = 77 CHz
ITasertiorn Loss 1.5 dB 3.5 - 4,0 dB
VSWR: «<1.25 «1.25
Switching: Jit or Flux 3 Bit or Flux
Transfer Transfer
Length: 3 inches 4 inches

DUAL MODE RECIPROCAL FHASER

In looking for a phaser geometry which might be less tolerance
sensitive than the torcidal type, rthe dual mode reciprocal phaser is con-
sidered to bc a good candidate. A test phaser has been fabricated. (9)
In this phaser a cznter frequency cf 35 GHz has becen used. The phaser
design Is showa in Figure 5. The basic concept :s shown schematically in
Figure 5(a). Her., linearly polarized energv ‘n rectangular waveguide is
passed sthrough nonreciprocal polarizers and is converted to either left or %
right circuler polarized emergy in cuvadrantally symmetric waveguide, is
phase shifted and reconverted to linear polarization in vectangular wave-
guide. As indicated in the figure, a metal fixture-housing is used vhich

UNCLASSIFIED
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prcevides access to the phaser for tuning of the nonreciprocal polacizers.
Phase *+ ft dats for the 35 GHz unit are given in Figure 6. The

oiuer performance parameters for the phaser unit are as follows:

Bendwidzh 34 - 3C GHz
Insertion Loss «2.2 dB
VSWR ~«1.3
Length « 7 inches

Other tha precision grinding of the ferrite rod which forms the body of
~he phaser #le.ent, only standard tolerance parts have been used.
Computcr computaticnal techniques h..ve been used in designing and
predicting the performwce of this unit.

In add:tion to the 35 (Hz phaser design, computer designs for phasers
centered at 55 and 95 GHz have been prepared. The predicted loss
charartaristics for these phasers are summarized in Table JI. It is
.onteresting to noie that material dielectric losses predominate at the
higher frequencies, 1In general, the dual mode phaser appears better
sufted for use rbove 35 GHz cthan the toroiaal type. Loss restrictions
rather Lhan tolerence probléms aive especied to provii. an upper

vouna for use of this phaser.

TABLE I1
CALCULATED LOSS FOR DUAL-MODE PHASERS

FREQ, COND.LOSS | DIEL,LOSS | MAG.LOSS TOTAL LOSS

(GH2) (dB} (dB) (d2) (dB)
. 33.0 647762 | 671986 | .455419 | 1.775147
% 5 34.0 617772 | .6802°7 | .422221 | 1.720220
o3 35.0 .59149% | 6893 7 | .392912 | 1.673756
EAS 36.0 .568277 | .699191 | .360848 | 1.616875

37.0 .567626 | 715052 | .332770 | 1.585960

50.0 T.010916 | .996375 | .224717 |  2.232006
. 52.0 .946206 | 1.010553 | .202180 | 2.158951
2 & 54.0 .892059 | 1.027143 | .183219 | 2.102711
o3 56.0 .846123 | 1.048387 | .167035 | 2.059543
" B 58.0 .806698 | 1.066971 | .153073 | 2.026749

60.0 .7725:9 | 1.088862 | 140519 | 2.002315

304 T.583211 | 1.749832 | .066403 |  3.399442

92.0 1.531693 | 1.766884 | .062749 | 3.361328
Py 9.0 1.484813 | 1.785147 | .059417 | 3.329370
& H 96.0 1.461991 | 1.804462 | .056367 | 3.302827
0@ 98.G 1.402732 | 1.824697 | .053565 | 3.280996

100.0 | 1.366524 | 1.85743 | .70983 | 3.263345

UNCLASSIFIED
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NRL BROADBAND PHASER DEVELOPMENT

A system requirement has dictated the necessity tor a fast switching
(< luserond switching) phaser to operate over the 26.0-40 GHz band, Th:
switching speed requirement, in tuwn, precludes the use of th dual mode
phaser and leaves the nonreciprocal toroidal phaser ae the only candidate.

Computer computational ieckniques hav: been utilized to invesrigate
the -candwidth characteristics for candidate geometries. Figure 7 gives
plots of phase shift activity as a functic: of ferrite toroid geometry aad
as a function of dielectric loading within the toroid slot, Figare 8,
shows the amount of variation in differential phase shift which may pe ob-
taired by selecting a fixed Jdielectric loading aad slo. width (ed = 18,

t =« 0.015 inches). As indicated, a toroid width of 6.0%3 in, provides the
flattest differential phase shiit across the 26-40 (Gdz band.

At this time, the computer des gn of the phaser element has been
completed and present efforts are addressing the fabrication problems
assuciated with the physical reslicailon of this phaser. As wich lower
frequency te -oilal phasers, two main problem aveas are encount: ved, These
include:

1. Intimate cuntact between The waveguide walis and th:s fevrite
toroid ire required. Air gaps or uneven areas introduce inseriion loss
splkes across the bandwidth of the device.

2. The Nickel Zinc ferrite material which has been used to date
is magne cstrictive. Excess pressure exerted on the tornid can produce

undesived changes in loss and phase shift,

Struciures which are being investigated are showt in Figure 9. Thus
far, the results obtained with the structurves shown in Figures 9(:) and
9(b) have been ercouraging. &xperimerts with che structur © shown in
Figure 9(c) will be initiated shortly. In the present experiments,
Nickel Zinc msaterials have been used. Faperimencs using high sacturation
monment Lithium Titanium ferrites which ar< less megnetostrictive wil be

started within the next few ronths.

UNCLASSI#1ED
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CONCLUSIONS

Based on past and present experiments, 1t ap,yeers that good juallty
fe ‘rite phasers may be realized to operate throughout the 20-100 GHz
region. The teroidal, nonreciprocal phaser is vest suited fo: uce below
sbout 50 GHz. Above this frequency, manufacturing tolerances become
untolerable, The dual mode reciprocal phaaexr can readily be fabricatei to
operate throughout the 20-100 GHz region. Matevial losses tond %o become
excessive, however, near 100 GHz,

A present NRL program is attempting to realize a brosdband, non-
reciprocsl toicidal phaser to operate across the 26-40 GHz baand, A
computer design of the pha.er has been realized and poelimingry electricul

measurem2nts are emcouraging.
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E e V///.////A 1. Toroid and side walls are glued together
o lystyrene spacers
b > S using polysty p .
| -
' /\ 2. Four inating surfaces are ground and

polished,
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(a)

o Y

m i e

@ 1. Top and bottom walls of fevrrite toroid .;‘i

t ; T ——pp——— are metalized (Cr-Au)
F
. — =

t L L~ 1 //// i 2, Flexihle top wall in area of toroid is

‘E : B ‘ used. :

? “ -

774
(h)

1

|

: | = - Weveguide wall 1s plated or electreformed

i X directly abosr ferrite and alumina

» d E] . structure. ;
]

E 3 R ;

! A

; (¢) 1
1
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FIGURE §
CONS"RULTION DETAILS FOR BROAJBAND PHASERS
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A 95-GHz PRETRIGGERED RECFIVER PROTECTOR

by

H. Goldie
Westinghouse Defense and Electronic Systems Center
Systems Development Division
Electromagnetic Technology Laboratory
Baltimore, Maryland 21203

The purposc of this effort is to develop a radar recciver protector
(RP) that will perform simultaneously the dual function of a millimeter-
wave receiver protuctor and a high-current video switch, At present
there is no device which can provide low loss protection at 95 GHz with
5C dB or more of broadband (6C-100 GHz) isolation. The need for
broadband isolation is due to the spurious moding of millimeter-wave
multi-kilowatt magnetrons,

The device shown in figure 1 consists of 6:]1 oversized WR-12
waveguide fiiled with low-pressure hydrogen pas, slotted sidewalls in
the waveguide for orthogonal beam-current passage, a pair ¢f impedance-
matching tapers (figure 2) within the vacuum cnvelope, and speciaily
deve'nrped wide~band, low-loss, high-temperature pre + windows,
The waveguide serves the dual purpose of guiding the o /¢ and acting
as a trigger grid to actuate the beam. A converpence cone, located be-
tween the wavegpuide sidewall and the cathode, is used to compress the
beam in order to obtain high plasna densities without using excessive

beam currents or externally applied magncetic ficlds,

This work was spZ)nsurcd by the Avionics laboratory, WrightePatterson
Air Force Base, Ohio, under contract F33615-72-C=1160.

1. A Singh and J. Rowe, “Fnhancement of Plasnia Density in an Arc

Discharge, J._Appl. Phys,, (November 1967), . . .
'NCLASSIFIED
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The resultant enhancement ratio of the plasma density at the cone
exit relative to the valuc at the cone entrance has been measurcd using
Langmuir probes under conditions wherce clectron losses to the metaliic
cone wall are srmall. The plasina density enhancement method is
compatible with smail waveguide size because the plasma enhancement
ratio, above a certain minimurn cone exit arca and cxcept for a slight

dependence on clectron temperature, is proportional to the cone

entrance-to-exit area ratio. Thus, the cone exit arca is made compatible

with the total arca of the waveguide sidewall slot opunings necessary for
beamn curient passage,

Preiiminary results concerning the theory, development, and low
RF power evaluation of a $5-GHz plasma waveguide switch (PWS) were
presented at the 1970 Il-"_DM;Z the basic mwodel for the analysis of small-
signal attenuation is shown in figure 3 and the computer-run solutions
are shown in figure 4, 7The present paper concerns high-power experi-
ments using an 8-kW, 95-GHz pulsed magnetron to obtain data on the
PWS when used as a pretriggered receiver protector, The results show
spike and flat leakage power levels of 20 mW for RF power levels up to
4 kW and under 1 mW for power levels of 1 KW, recovery times under

0,5 microsecond have been obtainea.  The external REF characteristics

of the RI” are dependent on the pre-oxcitation beann current magnitude. J

The beam current is controllea over a range of 5 to 100 aunperes peak

to obtain a predetermined {ixed degree of RE isolation, i
The fixed isolation, measured with a low-amplitude 95-Glz probe- j

ing wave, represents the minimum attennation of the pretrigpered device 1

with the beam on.  The data is piven in figures 5, 6, and 7. Previous

measurenients using Lanpmulr probes have shown the electron density

2, H, Goldie, "A 60 to 96 Ghiz Fast Acting Plasma Waveguide Switch, '
Il FF-70-C45-1D, (October 1970), pape 40,
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under these conditions to be approxzimately 1015 ¢/cc. With the 4-kW
RF pulse incident on the device (figure 8), an intense RF field is super-
impoged on the pretriggered dc field, resulting in an increase in plasma
density with a consequent increase in RF irolation, The high-power
data is shown in fignres 9 to 11. The beam is pretriggered by a few
microseconds to allow the buildup of electrons to equilibrium values
pric: to the RF pulse arrival. In our experiments, RF pulsewidths be-
tween 20 and 200 nanoscconds were used at PRF's from 100 to 1 kHz,
and total gas admixture pressures of approximately 100 to 400 mtorr
were uged,

RP ingertion lc s has been reduced to 0.8 dB, as showna in
figures 12 and 13, by developing an RF choke whose diameter is much
less than the diameter of the glass-bonded mica window. This pre-
vented aay significant RF current {rom reaching the glass bonding at
the window periphery, thus keeping insertion loss down to 0. 2 dB/
window, The windows were individually tested at 3 kW after low-power
evaluation and hermetic sealing.

The RP design has evolv~- to include a keepalive electrode that
draws a constant but small current of 50 mA, This creates a glow
discharge which establishes a virtual cathode a short distance from the
actual cathode. Fxperiments show improved starting characteristics
with relatively small pulse-to-pulse jitter; additionally, a longer
cathode life 1s expected relative to the no-keepalive design due to
reduced back ion bombardment,

The RP is so degigned that low-level insertion loss tests can be
run separatcely on the windows and on the waveguide body prior to
commitiing the windows to the device in the finai brazing process.  kx-
perimental data to optimize isolation and recovery time will also be

discussed,

UNCLASSIFIED
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Figure 14 depicts a fail/safe circuit using the PWS as a pre-
triggered RP and a dc switch, Experiments were performed at X-band to
dermonstrate fcasibility, Figure 15 shows the actual front end to be used in
a millimeter-wave radar; overall noise figure is about 9 dB, and gainis
about 20 dB when measured from the input port of the RP to the output port

of the 1-1,5 Gliz IF preamplifier,

UNCLASSIFIED
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N VACUIUM ENVELOPE
NOT 3HOWN

INPUT
GROUND i

PRESSURE
JANODE  ~WINDOWS

ouTPUT

PORT ™~
WVEGUIDE WITH BEAM
PASSAGE GHID 5LOTS

BEAM CONVERGENCE
IN SEGMENTED CONE

BEAM CURRENT
TO MAINTAIN
PLASMA

r

"'l HEATED CATHODE

HEATED HYDROGEN .
GAS REPLENISHER ——} 8989A-vA-|-2

Figure la, Functional Sketch of Millir .cter~Wave Plasma
Waveguide Switch

IMPEDANCE
MATCHING

TAPERS TALL WAVEGUIDE
. PRESSURE P

WINDOWS "4 / | 8 AM
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-

ANODE —

Iir—\:\\
/ ) T HEATER

ANODE PIERCED l

SIDEWALLS CONVERGENCE CATHODE

TOP VIEW CONE

SIDE VIEW

Figure b, Diagram of Miilimeter-Wave Plasma
Wavepuide Switch
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A. SLOTS 8. COMPLETE WAVEGUIDE
IN SECTIONAL VIEW

V1-0803-BB-6

Tigure 2, Photo of Body Showing Waveguide Sidewall Geometry for
Beam Passage and Two Impedance Transformers

TE10 MODE
OVERSIZED
WAVEGUIDE

ELECTRON
BEAM

317G Coas &8

Figure 3. Model Used for Cormnputation of Small-Signal Attenuation as
a Fuaction of Flectron Density and Frequency from Computer
Solutions of Wavce-Plasma Transmission Fguaations
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Wave-Plasma Interaction Theory with Small-Signal
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Smali Signal Attenuation ~ 17-dB8

- Dynamic Range Shown.
Actual Attenuation over 30 dB.

-— Anode Voltage = 5 kV/em

«@—— Beam Current = 50 A/cm

X = 1psec/cm

PRF = 1kH2

$10 74-0194-PA-|

Figure 6, Upper Trace Shows Interrupted 1-mW CW Probing Wave at
70 GHz, Switch-on Time< 0.25 psec and Recovery Time< 0,25 psec,
Small Signal Attenuation >30 dB for 2 psec,

‘ CW milliwatt power detected a1 load.
Interupted CW is due to PWS triggered
to ““on” position. V axis shows
approximately 15 dB attenuation;
actual attenuation is 34 ¢B.

4 Q PWS beam current strength is
50A, 3-usec duration. Y axis
is 20 A/cm.

71-0303-88-20

Figure 7. Isclation and Switching Times for S5 at 96 GHz

UNCLASSIFIEL

DE-8

TR Y RY W TRY A Y




LI T TR Y

T — e

D I T

N EUE DRI RO Oy A e e AP OISR AR Y N 0r - aee

UNCLASSIFIED

Circulator-Intine RP Duplexer Radar Configuration

Load qV

‘:T‘

R Variabls Short

Total System T-R Losses:

Transmit Losses = 1 dB
Receive Losses = _1.3 dR_

2.5dB

T
Amperex 2 Driver
DX 423
Magnetron
C’ ; g PWS p———e RCVR
P, = 8 5kW _~1dB ;=038
T ~-
{ = 95GHz 7 :
3-d8 Circulator
Short
Siot

Minimum loss between points A and B was measured at 95 GHz ¢ be 3,7 dB.
The variabie impedance at port 2 gave a 33-dB variation in power range.

40194 vl D

Figure 8.

Simulated Kaagar Faperiment Using PWS as a

Pretrigpered Recelver Protector
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Beam Current:

40 A/7 usec “— uu

Detected RF Pulse:
4 kW/200 nisec

Leakage Spike:
100 mW/10 nsec

Figure 9,
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X = 1usec/cm

X = 40 nsec/cm

S9
PRF = 1 kHz

f = 95.7 GHe 74-0194-PA-8

Input and Output RF Waveforms at 40-Amp
Beam Current

Figure 10,

Leakape Power as o Function of Beam Current
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Figure 11, RI Attenuatios as a Function of Beans Current
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Figure 14, Fail/Safe Receiver Protection Experiment Performed 2t
X-Band (9.5 GHz) to Demoustrate Application of PWS to Radar Use

b amsans eanan

Figure 15, Millimeter-Wave Frout kEnd Showing PWS Used as & 1
Receiver Protector, Single-kEnded Mixer (LLO Not Shown),
and 1-1. 5 Gliz II' Preamplifier i
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A New 40 GHz Coaxial Comnector
by
M. A, Maury, Jr. and W. A, Wambach
Maury Microwave Corp.
Cucamonga, Cai. 91730

INTRODUCTION

A new minature coax connector has been designed and develuped to £ill
“he gap between connectors currently on the market and 40 GHz. This new
connector, "MPC2," permits coaxitube cable assemblies and waveguide to
coax adaptors to operate higher order mode free to 40 GHz whereas currently
available connectors begin to exhibit higher order mode resonances in the
vicinity of 36 to 38 GHz.

 INTERFACE

Refer to figure 1, interface specifications of the MPC2Z. The dimen-
sions of the dielectric have been chosen to yield both an exact 50 ohm
line and a TE.il mode cutoff of 43,1 GHz.(l)
conductor interface yield a near perfect coplaner junction when the male

The dielectric and center

and female MPC2 connectors are mated. The outside of the MPC2 resembles
a standard SMA connector but mating between the two is not mechanically

possible.
ELECTRICAL CHARACTERISTICS

Figure 2 is & TDR plot of a MPC2, an OSM, and an 0SSM ccnnector
mated pair on .086 dia. coaxitube cable assemblies. Clearly the new MPC2
interface 1s a better compensated junction Impedance wise than elither OSM
or 0SSM connectors for .0U86 coaxitube applications. Because of the choice
of a TEl1 mode cutoff of 43.1 CHz the MPC2 1s safely useable to 40 GHz
when used with air lines ov coaxial cable which do not permit TEl1 mode
propagation below 40 GHz.

An applicarion of the MPC2 interface has been made in a .086 dia.
coaxitube cable connector which permits low VSWR, low loss 40 GHz

cable agsemblies. A feature of this connector ILs that the impedance

UNCLASSIFIED
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matching transformer (See figure 3) between the coaxitube cable line size
and MPC2 connector line size can be visually and mechanically inspected
after the final soldering process. This inspection ability climinates
excessive heating effects as a cause of cable asserbly rejections at a
higher inspection level. The final asseibl; of the connector to the
cable consists of mechanically threading on precision machined outer
conductor and connector shell parts. The dielectric and center conductor
interface are gaugable for compliance to the MPCZ interface of figure 1.
& conanector jauge kit to inspect these parameters has also been developed
(See figure 4). Figures 5 and 6 show the VSWR and insertion loss char-
acteristics of a typical cable assembly. No resonances of hign VSWR or
loss are present to indicate the existance of higher order modes.

An application of the MPC2 interface has been made in a bulkhead
mounted connector. his connector has been designed to interface with
proprietary coax to waveguide junction designs which require a ,116
outer conductor and .050 dia. center conductor coaxial air transmission
line input. The dielectric bead support in this connector is mode free
to beyond 40 GHz,

Analysis of this dielectric bead in the manner of reference (2)
predicts a resonant frequency at 41.7 GHz, well above the upper limit
of 40 GHz. TFigures 7 and & show the VSWR and insertion loss character-
istics of & typical WR23 waveguide to coax adaptor with the new MPC2
connector. No resonances of high VSWR or loss are present to indicate
the existance of higher order modes.

Figure 10 shows the VSWR characteristics of a WRD180C24 double
ridged waveguide to coax adapter (Figure 9) with the new MPC2 connector.
Again, no sharp resonances are present. This device allows the direct
connection of .086 coaxitube cable assemblies to low loss, broadband

(18 to 40 GHz) waveguide systems.

TEST METHODS

The VSWR and Insertion loss regponses of figures 5-6 were made

with the test set up of figure 11, and responses of figures 7, 8 and

UNCLASSTFIED
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10 with the test set up of figure 12. In measuring VSWR the test port was
terminated in a precision 50 ohm coaxial air line with a bulit in sliding
absorber. Iin measuring insertion loss the test port was terminated in an
open circuit. In all cases, connector and dielectric bead orieatation

were varied in case a resonance existed which was orientation sensitive.
FUTURE APPLICATIONS

The applications of any coaxial connector are cbvious. The application
of the MPC2 is to systems which must operate to 40 GHz with no "'dead"
spots or frequencles at which systems characteristics are radically dif=~
ferent from the typical. A comprehensive product line ¢f connectors,
components and measurement instruments featuring the MPCZ comnector is
currently under development in order to realize full utilization of this
new connector to 4C GHz. Work is currently under way on a microstrip
version of the MPC2, and on broadband 12-40 GHz double ridged waveguide
transitions. Also, further measurements are ﬁlanned to determine exact
resonance frequencies above 40 GHz, and mated pair loss and VSWR charac-

teristics of the coaxitube and bulkhead mounted versions of the MPC2.
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WR28 Waveguide to MPC2 Adaptor Loss Variation
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Test set up to measure VSWR and loss
of MPC2 cable assembly
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FOOTNOTES:

(1) N. Marcuvitz, Waveguide Handbook, MIT Radiation Lab Series, ]
Vol, 10, McGraw hLill, New York, 1951, pp. 77.

{2) 'The GR Experimenter,” August 1966, pp. 10-13.
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MILLIMETER WAVE METROLOGY CAPABILITILS AT NBS
by
C.K.S. Miller

National Bureau of Standards
Beulder, Colorado 80302

INTRODUCTION

In the millimeter wave region between 20 and 100 GHz, the
Zlectromagnetics Division of the National Bureau of Standards,
Boulder, Colorado, nac metrology capabilities in two fraquency
ranges. In the 20 to 40 GHz range partial coverage of meas-
urands exist, whereas a more complete coverage cxists in the
56.5 to 64.5 GHz range. This paper will nighlight the recently
Jdeveloped capabilities in the higher frequency range (56.5 to
0d4.5 GHz) and only bLriefly touch upon the lung-existing capa-
bilities in the lower range. ‘These capasbilitices are applied
by NBS to measurement needs of the technical community in
vartous waye ranging from regular calibration services to
applied measurements wherein we take cquipment and people to

the customer's site.

CAPABILITIES 1IN THE 20 TO 40 GHz RANGE
Power
Low-level CW power can be measured in the 9.1 to 10 mi¥
range. A reguvlar calibration service 1s avallable for WRI2 and

WR2& wavegulde bolometer units with barretter-type or thermistor-

type elements and for WR42 waveguide bolometer-coupler units

UNCLASSTIFILD
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with coupling ratios from 3 to 20 dB (1]. These services arc

based on microcalorimeters that have been ¢specially developed

Rnkiiess £ o Lt

at NBS to serve as reference power Standards. Using these

i pasic capabilitics higher power levels can be mecasured using

celatively simple extension techniques [2]. The actual in-

accuracics obtained are dependent upon the measurement proc-

[; vsses uscd, but it 1s possible to achieve inaccuracies of
;; P 0.5% to 2.¢
|
|
' Reflection Ceefficient Magnitude &
: Reflection cocfficient maanitude measurements of waveguilde ;
reflectors and of non-reflecting waveguide perts are available g
f in a regular calibration service for WR42 waveguide and in a :

special calibration service for WR28 waveguide. Reflecting
waveguilde ports are sometimes called standard mismatches and

the term non-reflecting wavegulde port 15 used to indicate

Y

that the waveguide jort has beon designed or adjusted with the

3 intent to produce a reflection coefficient magnitude, |T],

k cqual to zero. Accurate mcasurements require the connector |
A . . ‘ ]
flanges in good condition and the interior surfaces of the f
. .. L. 1
wavegulde daccurately jJoined; however, accurate joiniag depends

upon such factors as the alignment of bolt holes, paint on the

back of the flange that can affect the seating of the bolt on

; its bearing surface, and smoothness of connecting surfaces. Mcas-

PR

j urements usin, flanpg~s in good condition and dccurately joined

e

can provide maximum inaccuracies as small as +(0.0004 + 0.0017]|7])

(1].

E1-2
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Attenuation

e
.

Attenuation measurements are available in regular calibra-
tion services in both WR42 and WR28 waveguide on variable and
Fixed wuvéguidc attenuators. For attenuation difference of
variable attenuators, the inaccuracies of the calibration service
are for +(0.05 dB or 0.5%), whichever is greater in the 0 to 50 dB
rainze. For the measurement of insertion loss of variable or
fixed attenuators, the inaccuracies of the calibration service

arce closer to 1% for WR42 waveguide and 2% for WRZI8 wavegulde

RER oot s . .
o o ALY s S Y A A 44 Y e e (FUTPINE T TR, [T T Qg ST T g e

sizes {1). In general, no high quality attenuators are avail-
able commercially that warrant a more accurate calibration

k service in this frequency range, but improved c~tenuation meas-

e T R T g g T T N
gy e

urement systems have bcen developed [3,4] and could be implementcd

e S READC

in this frequency range,

TR

Noilsc

R T e,

Mo noise referenc:e standz~4s have been developed to this

e

date 1n this frequency range. Although noise¢ neasurement ser-

vices could be developed readily, the minimal demand so far has

ot warranted the expenditure that would be required.

Aitenna

T T T T T SR T S Ty AT

No e¢stablished antenna gain or pattern measurement capa-

IOV IIWIFPY T PP ORI LWL &)

bilitices exist for this frequency range. It is possible that

antenni measurement services could be established without

!
w
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much effort since the basic facilitics extst and relatively (ow

components would need to be added to extend their usefulness

to these trequencles.

CAPABILITIES IN THE 56.5 TO 64.5 Gz RANGE
Metrology capabilities in this region are limited in fre-
queiacy coverage from 56.5 to 64.5 Gz due primarily to the
commerciually available 1solators and oscillators obtained when
these capabilitics were developed in WR1S waveguide. Tnis fre-
quency limitation doe3 not apply to NBS developed reference
standards which are useable from 50 to 75 GHz.

The avallable calibration services 1in this frequency

rangc were initially announced in February 1972 [S].

Power

A microcalorimeter has been developed that serves as the
NBS reference standard for power measurements {6]. The calori-
meter has undergone a detalled error analysis that permits the
Jetermination of the effective efficiency of a standard
bolometer unit to within a total estimated inaccuracy of * 0.28%
(O], fhis total 1naccuracy is composed of a systematic uncer-
tarnty of + 0.23% and of a random uncertainty (3¢0) of * 0.05%.

ilainy this microcalorimeter with a transfer system it 15
possible to calibrate WR15 feed-through type power meters to
4 totai estimated inpaccuracy of approximately : 1.1% for

- 0

bolumeter-coupler unit calibrations. A measurcment technique

El-4
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1 was implemented to evaiuaie a combination of two couplers to

allow for powsr measurements to powe, levels of 100 watts to an

IR YYRTNORACY

estimuted inaccuracy of + 1.2% 7], The end result of this

effort is that NBS can help you measure power leveis from 1 mW
to 100 watts by planning a measurement with you and if need

] be to bring our staff and equipment to your facility.

Reflection Coefficient Magnitude

A megsurement system has been developed to measure both
reflection coefficient magnitude and attenuacion [8]. The

E system is based upon a 30 MHz waveguide below-cutoff attenuator

| standard. A description of the system is- included ipn NBS
Technical Note 619 together with machine drawings that provide

information on how to bu’ld such a system and tae necessary

discusses precisjon and systematic error alorng with equations

i
g hardware that is not :ommercially available. The document also
t
i for estimating the limits of the error,

¥

Basically this measurement system provides a tuned reflec-
tometer that me:sures the magnitude of reflection coefficient
{r| to better than ¢ 0.001(1 + 3|I'|) over the range from 0.001
to 0.99. The accuracy of a reflection coefficient measurement

is limited o the dimensional tolerances achieved in fabricating

on remat

3 the input waveguide section. The NBS system has an input

3 waveguide section whose internal dimensional tolerances are

[

approximately + 15 millionths of an inch (0.38 microns); this

e ethaona e

compares to commercial tolerances of 0.001 inch (25.4 microns).
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Attenuation

The above measurement system [8] can measure attenuation
difference of variable attenuators to +{(0.05 dJdB or 0.5%), which-
ever 1s greater in the 0 to 50 dB range. It can alsou measure
the insertion loss of fixed or variable dattenuators to letter
than + 2%.

In order to provide a capability to resolve precisecly dif-
ferences of attenuation 1in support of noise and antenna measure-
ments, two attenuators with lmproved readouts were developed,

An 1dentical pair of commercial rotary-vane attenudtors werce
modified to provide readouts in degrees of rotation of the
center-vane of each attenuator. In the finished form one
attenuator was significantly larger than the other and both
were larger than their commercial counterparts. The smaller
attenuator [9) can resolve the rotation of the center vane
to 0.01 degree while the larger attenuator indicates the near-
est 0.0005 degree. When properly aligned [10] the maximum
attenuation values attained for these two attenuators were
greater than 65 dB, which means they can resolve attenuation
difference values to 0,005 dB. These attenuators track the
macthematical law for rotary-vane attcnuators very closely

allowing the use of tables [11] to obtain their attenuation

values.

Nol se

A retference standard has been developed for thermal nolisc

measurements., This WR1S standard was designed to cperate

E1-6
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at the silver point (963.19°C) which gives an output poisc L

temperature of about 1235 kelvins with an cstimated inaccuracy
of + 2 kelvins. The details of its design, construction, and
pertformance with an error analysis have been published [12].
This standard is useable from 50 to 75 GHz although its accuracy
will vary to a small degree across th;s frequency range.

A total power radiometer has been developed as a :omparator
(1 order to compare the refercnce noise standard with an unknown.
A special calibraticn service using these two 15 available and
provides a mneasurement of the rnoise output of a noise-tube
mount to approximately + 2% if the reflection cosfficient mag-
nitude is less than 0,05 [13].

However, commercially available WR15 waveguide noise-tube
mounts were found to have very poor reflection coefficient mag-
nitudes and unstable noise outputs making them unsatisfactory
for noise measurements. For tinis reason, NBS undertock to
design a new noise-tube mount using a commercially available
ceramic argon-filled tube [14]. This WR1S waveguide noise
source deslign 1S now commercially available and has a reflectien
cocfficient magnitude of 0.05 and a noise output instability of
less than 0.005 dB at 150 ma operating current.

A computer-controlled system has been developeu to provide
the capability of automatically measuring a ncise factor (or
noise figure) to an inaccuracy of less than * 0.2 dB or + 0.1 dB
1f the value is less than 10 dB [15]. To achieve this accuracy,

the cutput noise pcwer ratio of an amplifier for a known input

UNCLASSIFIED
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skt hnt el 5




BT R TR YR TR S SRS AT TR, .

: UNCLASSIFIED

noise power ratio must be measured to less than £ 0.01 dB.

o+ s

This having been done, it 18 now pussible o get better noise

- factor (or noise figure) measurcements at these frequencices
¥
than at m.crowave frequenclies. This measurement system b=

portable and versatile and has becn used to evaluate the sys-

tem gain to system noiSe temperatuve of satellite ground sta-
tions. It has allowed manufacturers of millimeter wave mixers

to assess the characteristics of a mixer for different local

oscillator power levels and types of local oscillator.
To achieve state-of-the-art noise factor (or noise figure)

measurcements requires that adequate consideration be given to

the precisc mcasurcment of amplifier noise during the design

stages of cquipment development so that precise noise measure- ]

ments o1 in faci be ubtained on the {inal product and in the :

final system application [16,17].

Antenna

]
On-axis antenna galn measurcment capability with limited 3

pattern information has also been developed [18]. Two technlques

are cmploved.  An indvor facility using a near-field technigue

can measure an 18 inch diameter disk antenna to within * 3.5%.

it

An outdoor

facility using an extrapolation rang. can measure an

S

18 inch diameter disk antenna to within 2 4.5%. Thesc capa-

bilitiecs are more thoroughly covered in the next presentation.

UNCLASSIFIED
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In this frequency range, the quality of (langes used on
cquipment 1s critical to the {inal product. At NBS, 1t wuas
found that significant problems occur due to zhe lack of
adequate military specifications of WR1S wavegnide flanges.
For this reason a study was conducted at 60 GHz to assess
ctfects of variations in the flanges generally used in WR1S
wavegulde equipment [13]. The study revealed that 1) piain
brass flanges had lower loss than any coated flanges, 2) stand-
ardization of the locations of pins and holes to a close
tolerance 1s crucial, 3) for low loss requirements a differently
designed flange with a recvangular boss the size of the wave-
aulde may be preferable, 4) lapped flanges were more repeatable,

and 5) uniformity in tigh.cning torque of the bLolts was important.

CONCLUSTONS
This paper highlights current millimeter wave measurement
carabilities of the Electromagnetics Division of NBS. It is
“cantzed that although these capabilities are iimited in fre-
ooovorange, adgnit ode, and accuvacy they are more accurate
i any other kaown millimeier wave metrology capabilities.
fhe development of further metrology capabilities for addi-
Uional quantities and additional frequency ranges is needed to
fully utilize the millimeter wave frequencies. Future work
“hoeuld include automating these existing measurement capa-
brlities while develaping new capabilities. Automation is

] -
B9 UNCLASSIFIED
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nccessary to facilitate the coverage of the enormous f{requency

spectrum covered in cach waveguide Size of the millimeter wave

frequency spectrum. No new NBS meirology developments are in
<

progress at present although this could change 1{ 1t was ovi-

dent

(1]

121

(7]

(8]

(0]

[10]

that national program necds demand it,
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The Accuratc Determination of Millimeter-Wave Antenna
Characteristice by Deconvolution and Extrapolation Technigu.es
! by
i R.C, Baird and D. M. Kerns
National Burcau of Staandards
i Boulder, Coiorado 80302

SUMMARY

1.¢ Introduction

The recent availability of mm-wave oscillators with adeguate power
has resulted in a rapid cxpansion in the use of mme-wave systems for space
; and satellite communications and other applications requiring high gain
i antennas of relatively small physical size, These systems are generally
! sophisticated and expensive, and close tolerances are required on several
i parameters, including antenna power gain, For some systemns, the antenna
polarization and pattern must also be well known, Consequ-ently, high-
accuracy antenna calibrations are reguired to avold expensive overdesign
and to assure adequate pe-ormance of the overall systems, Requircements
for gain calibrations with total uncertainties (30) of 0,1 dB or less are not
uncommon, and it 1s difficult to measure the gain of any ..ntenna to this accu-

racy.

The most common method of determining antenna gain and polarization

is a substitution tecbnique, where the response of the test antenna to an in-

cident "plane~-wave' field is compared with that of ore or more¢ standard an- 3
f tennas, With conventional "far-field'' antenna rangos, the plane-wave con- i
: “ition 1s approximated by using large separation distances between the trans-

:intting and receiving sites. (An optional approach to obtalning an approxe-

JRONEISN

imnate plane wave is the "compact range' technigque described by johnson
g_‘git_l. .1,27) However, for high gain antennas, ranges ol sufficient lenpth may

not be available., This is especially true when high accuracy is desired. bor

example, to reduce the proxiinity correction of a typical standard gain horn

2
tc lcss than 0,1 dB requires a distance of about 16 (not 2) a /A, wherc a is

E2-1 :
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the largest aperture dimension and A is the free space wavelength, A oy e
large distances the errors due to ground reflections and seattering trom
othcer objects can be significant, Additional errors can occur if the test ood
unknown antennas have significantly different gains, patterns, or polarization -'_"
characteristics. Further, even if the errors due to all or the above ctfects
could be brought under control, one would still be faced with the problem o
accurately determining the gain of the stundard antenna, The strong atmo-
spheric attenuation (more than 10 dB/km at some frequencies) precludes the
usc of the far-ficld three-antenna method of determining absolute gain over
much of the m-wave frequency range.  In addition, caltculated gain and
polarization values of a "standard' antenna do no  in general, provide a
satisfactory basis for high accuracy measurcrients, Due to computational
approximations and imperfect fabrication, the calculated values are usually

oytside the error limits of (highly) accurate measurements, although the

computational accuracy may be better for coertain specialized cascs .3

This summary presents samples of the experimental results of two re-
cently developed techniques for accurately determining absolute gain, poler-
ization, and pattern from data obtained at greatly reduced dist;mcvs.; Roth
methods are basoed on a relatively new theoretical approach (developed by
D.M. Kerns of the National Bureau of Standards) which we rofer to as the
"plane-wave scattering-matrix theory of antennas and antenna-antenna inter-
actions' , The theory is essentially free of restrictive assumptions and
built-in approximations and the measurement results have demonstrated that
high accuracy is attainable. Further, the methods are applicable to any type
of dircetive antenna, including phased arrays. ‘The techniques arc useful at ;
all microwave frequencies, but are especially valuable at mm-wave fre-
guencies where high-gain antennas are physically small enoupgh to work with
in the laboratery, and where the large Rayleigh distances and atmospheric

atenuation make conventional measurements particularly ditficult,

% A recent survey paper by Johnson et al, 2] discusses scveral other
approachecs to the problem of determining far-ficld antenna patterns
from near-field measurements and gives many references. Some of
the apprnaches may now be of only historical int erest.
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2.0 Decconvolution Technigue

The planar scan-deconvolution technique was formulated for antennas by

5, aad

~ - Kerns o4, Experimental results have been given by Baird et al, c
by Joy and Paris (63, Here we shall outline very briefly some of the main

qualitative and quantitative features of the technique.,

For this discussion (as well as for the discussion of the extrapolation
tevhngue below) o tew preliminary definitions are essential, The propagation

vector k for planc waves in space is resolved into a transverse (x,y) part K
)

!

and an axial part \/:2 (l_< =K+ YSZ) and is subject to kek= x“p-:, Weoe employ

a pair of two-component vector functions, §,  (K) and _S_bz(g_), representing

10
ruespectively the transmitting characteristics of a transmitting antenna and

the receiving characteristics of a receiving antenna; the independent variable

K serves to specify the direction associated with each svectral component,
without attemipting to give complete definitions we note that the far-ficld vectorial
pattern of the transmitting antenna, hence the power gain and polarization

characteristics, can be computed from S

]/
[0} 7{ e
hO “_—{ O 9_ z
[—\
S .
2=0

Fig. 1. Arrangement for transverse scanning: d is fixed, P is variable .

In describing the deconvolution technique we supposc that the radiating

characteristic 2‘10(}_\’_) of the transimitting antenna shown schematically on

the left in Figure 1 is to be determined with a known receiving antenna

E2.3
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(i.e., onc with Q' (}\) known) on the right, which is used Lo scan the ticld
of the transxnitung antenna in a transverse plane (2 = const) a short distance

2 e
(d << a’/)) away from the transmitting antenna, 1f (as is required in this

technique) multiple reflections Letween antennas are negligible, then the

radiated spectrum EIO(Q 1s gi.=n rigorously in terms of the Fourier

transform of the transverse K in the moeasurement plane, What we may
call an ideal probe would nieasure one of the iransverse components of E
£ directly, even in the near field; an actusl probe, however, yields a re-
sponsc bcl>(9 given by a convolution integral invelving both the structure of
the {field and the characteristics of the probe itself, The convolution ine

tegral is represented in the spatial frequency domain by

dk dk (1)
< Ry

0
I N £ 2
B! (P)= a1 fj §,0(K) "8, (10 e
-m

wiere P is a transverse vector specifying the displacement of the probe

i (Fig. 1), aois the input wave-amplitude at the transmitter, and F' is a uiis-
i match factor associated with the receiving antenna and its lonad, Deconvole
s ution is effected by Fourier transformation and yields 1
i p
; |
) -xrd iK.p
510K+ 8, = //b'(P e B (2) i
i —010 — I
4, a }, dxdy
s
Using band himits k, = ?_"/)\1 and k| = Zf’/kz for k and ky, respectively, §
and applying a two-~dimecensional, spaticl sampling theorem enables us to
1
' replace the above integral by a sum, 1
: i
' (‘-l d Q) B! ( ) -i5.£r5 3
e @ L —— P e k] !
0“3) ‘5’—{12(-[-\—) 4k ky Va 2 g © ~rs ()
' © r !
f | TN T |
! ern, t -vcctorsgrs— 5T 1_x“x+—2-9 Zgy(wlth r,s =.., -2, -1, 0,1, 2,..) ;
; define the measurement lattice, the bé(prs) are the (complex) values of probe '_i
i
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output directly observed at the voints of the lattice, and the summation goes

over the points of the lattice, The great virtues of (3) are that data can be

.- taken at the points of a discrete lattice without loss of desired information

Lo

and that the highly efficicnt fast Fourier transform algorithm is rigorously

applicable to evaluation of the sum. The theorem requires an infinite lattice,

a0 e

but in nractice we have found that taking data over an area somewhat larger
than the transmitting antenna aperture is sufficient to insure full accuracy

in the results,

We should note that (3) determines only one linear combination of the

two components of the ur nown '510(}_() for each value of K. In general, one

TP TP

must make two complete ti . .sverse scans using measuring antennas chosen
to give independent linear combinations. (Ir many cases a single antenna
used in two orientations 90 degrees apart would suffice.) Thus one obtains

pairs of lincar equations that can be solved for the components of _§10(_P_<) with

Gha a2t st

K in the role of a parameter.

Band limits kl = kZ = k have been found satisfactory as a rule of thumb
when essentially complete pattern information is desired, These band limits
correspond to A/2 as an approximate minimum spacing of measurement points

and mean that a relatively large number of data are required--~typicallv phase

and amplitude for approximately 4,000 to 40,000 points.

rver

Efficient application of the technique practically demands usc of an auto-

mated precision scanner and requires computer capability to process such large

numbers of data. At NBS the previous partially automated scanner is being

replaced by a larger, more fully autommated mechanisrn capable of rapidly |

acquiring data over an arca up to 4,5 meters square, " (Ina typical mm-wave

.

application, such as that discussed in the next paragraph, data from 128 x
. A
128 points ina 60 x 60 cmm area should be obtainable in less than half an hour.)

Computation times are nominal, ranging from 15 to 60 scconds on a modern

T e s ) i R

In both the deconvolution and the extrapolation technique, normalization of
probe output (b') to transmitting antenna input (a ) is required, In the
facilities for the two techniques, provision is made for bringing source and
receiver close together (with the antennas not in placel) so that this uormal-
ization can be easily and properly effected,

h S et o o
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high spced computer, This includes all data processing and computation ex«
cept that involved in the production of perspective plotz of the type shown
in Figs. 2 and 3, which may require 30 seconds to several minutes of lower-

cost computer time,

Figures 2 and 3 show graphically the character of the input and output
data for a Cassegrain antenna 46 cm in diameter operated at approximately
60 GHz., Data wcre taken in a plane approximately 50 cm away from the
antenna, using a small standard-gaia horn oriented for (approximate) polar-
ization match, In Fig. 2 are plotted the values of Ib(')(}'_’)rs)l 0o ohtained;
these data may or may not closely resemble a plot of the magnritude of the
corresponding transverse component of E. Fig, 3 pictures the far-ficld
magnitude calculated from the near-field data. The on-axis power gain was
found to be 46,42 = 0,19 dB (39)., In this example both the contribution of
cross-polarization and the probe-pattern correction were negligible in the
narrow angular region of interest, Of course the correction for probe gain
on axis was not negligible; in fact the uncertainty in the probe gain contrib-
uted a large share of the uncertainty in the reported antenna gain. (Signif-
icantly better accuracy in probe gain and pattern determination is now poss-

ible,}

3,0 TMxltrapolation Method

The second method is known as an extrapolation tcchnique and is usced
primarily to determine on-axis gain and polarization to high accuracy (it can
also be uscd to advantage for less accurate measurements). This mcthod is
not as well suited to pattern measurements, although pattcern information
can be obtained, The theoretical basis was developed by Wacker © 7 ], and
its application to accurate antenna measuremecents has been described very
briefly by Newell and Kerns [ 8] and more fully, in an expcerimentally

oriented paper, by Neweli et al, [ 7 ],

The main result of the extrapolation theory is, that for any two essena=
tially arbitrary antennas (see Fig, 1), the received signal bc')(d) can be

accurately represented as a function of separation distance ¢ by the series

E2-8
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where the A's are complex cocfficients, Equation (4) includes both prox-

imity cifects and multiple reflections between antennas without approximation
and is an asymptotic function of the scparation distance. Specifically, the

first serics represents the direct transmission signal, the second series the
first order multiple reflection between the two antennas, and the other series
the higher order multiple reflections, It is evident that, at sufficiently large
distances, the only significant term in the series is the one involving A

00°
FFurther, it can be shown [ 9 ] that

A = 2T !
00 2Tiik §10(0) _S_OZ(U)
c¢valuated on axis (i.e,, with K =0). If either —SIO(O) or %2(0) is known,

the unknown vector can be obtained from two independent determinations of

AOO which give two simultancous equations like (5). Hence, the immediate

measurement objective is the determination of AOO'
In conventional far-ficld measurements, d is made large enocugh so that

the only significant terra in (4) is that involving A The basic idea of the

0o*
cxtrapolation technique is to observe b(; as a function of d and to fit this fun-
ction with as many terms of (4} as may be significant, and so to determine a

good value for A in particular, The term '"extrapolation" is, of

00
course, derivea from the fact that measurements are carried out at finite
distances and used to obtain results velid for infinite separation. The aclual
distance interval over which measurements are made will depend on the
antennas and the desired accuracy, but will usually lie somewhere tetween

2 ,.
0,2a /4% and Za.Z/)\.

The two "independent' measurements are achieved in many cases by

. . . o . . .
rotating one antenna about its axis by 90, as mentioned in the deconvolution

EZ2=9
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method, If a suitable known antenna is not available then the "three-

antecnna method" can be employed to determine the absolute gain and polar-
ization of a standard, In this approach, two independent mcasur<-.nents are
required for cach of threce pair-wise combinations of the threc antennas,

which provide six simultancous equations that can be solved for the desired

) guantitics,

This method requires a special range with provision for accurate long-
itudinal movement of onc or both antenna tow rs, However, the range di-
mensions are only 1/5 to 1/10 as large as would be required with a con-
ventional range to obtain equal accuracy, so many antennas can be measured

on a rclatively small indoor range, The NBS presently has both a 5 mcter indoor

range and a 60 mecter outdoor range. Angular alignment can be maintained

=

o] . 11
- within 0,02 and transverse displacements are less than 1 or 2 millimeters
on the outdoor range; the corresponding figures for the indoor range arc

4,0 R
J,01 7 and u, 5 millimeters.,

—— e —————— it

The first step in the 1measurement process is to connect the generator
and load por's together to obtain a reference signal (sce footnote page E2-6),
The antennas are then installed and the received signal b' is recorded as a

o

function of separation distance. Figure 4 displays some typical data, The

Fanmeris s me

oscillations are due to multiple reflections between the antennas (because of

ooap e

the large height.to-distance ratio ground reflections are not observed in many
cases). In the fitting process, the values of Ibc')(d)d exp(-ikd)/(aolf')l2 were
averaged locally, and the averaged curve was fitted with a polynomial in 1/d

(ordinarily 4 or 5 terms will suffice), This procedure determines lA

o0l
the phase of AOO is determined separately (see [9]), An example of the type
of results obtained by the fitting procedure is given in Fig. 5, which shows

the measurced data for an X<band conical horn fitted with a 5-term polynomial,

htnd Al

‘The magnified differences between the measured and fitted curve qualitatively

indicate the goodnese of fit,

The gain of this horn was determined to be 22.05 + 0,08 dB, which should

o i 2

be compared respectively with values of 22,10 £ 0,15 dB and 22,02 + 0,10 dB
: determined by the deconvolution method and a far-field pattern integration

method (including correction for antenna loss) [10], The gain of the mm-wave

E2-10
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antenna described in section 2,0 was determined by the extrapolation
technique to be 46,26 + 0,23 dB compared to a value of 46,42 + 0,19 for
the deconvolution raethod. In the extrapolation measurement, the arger
errors for the mm-wave antenna were due to the relatively large vncertainty
in the correction for atmospheric effects, All of the above uncertainties

' are 30 values, We cmphasize that the results presented here are only a

sample of the many and varied measurements which have been perforred

at the NBS with these techniques.
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DUAL POLARIZED RADAR CROSS SECTION MEASUREMENTS
AT MILLIMETER WAVELENGTHS
; by
E. E. Martin and T. M. Miller
Radar Divison
Engineering Experiment Station
Georgia Institute of Technology

Atlanta, Georgia 30332

INTRODUCT ION

Significant advantages may be gained by the operation of a radar

system in the millimeter wave region. Important advantages are the

improved angular resolucior, superior Doppler characteristics, poten- {

ron tially increased target radar cross section, reduction in equipment 3

size and weight and the possibility of improved cost-effectiveness.
Important consideracions in the application of millimeter wave

radar are the characteristics of the backscatter signal to be processed.

To properly define the radar parameters required to accomplish a partic-

T

ular mission, it i¢ necessary to have good estimates of the average value,

g

variability, polarization prorarties, Doppler characteristics, etc., for

target and clutter.

The Radar Division of the Engineering Experiment Station at Georgia

e A s n LS mem i SWAEE . 2 nt . T vecas.

Tech has recently developed a dual-polarized instrumentation radar at
70 GHz based on previous multi-polarization radars [1]. The 70 GHz radar

operates in a synchronized mode with & dual-polarized 16 GHz radar.

T e — g e T e v

Thus, dual-polarized backscatter characteristics of targets and c¢lutter
E at 16 GHz and 70 GHz can be compared under idential conditions.
Automated computer analysis capability has been used to determine
statistical characteristics of the backscatter for 16 and 70 GHz. The
analysis capability includes plots of time series, probability density
and distribution functions, auto- and cross-coverience functions, and

power density spectrum functions.

E3-1
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This paper describes the dual-polarized measurement radar and pre-
sents initial measurement results comparing backscatter cha.acterisitcs

at 16 and 70 GHz ucing the automated computer analysis capability.

POLARIZATION PROPERTIES OF TARGETS

Amplitude, phase, range and polarization information is available
from pulsed radar signals. Although often not fully exploited in radar,
polarization properties may offer significant advantages in discrimination
[2]. However, to take advantage of the available polarization information,
a certain amount of sophistication within the radar ard its asscciated
signal processor is implied., For many years the Radar Division of the
Erngineering Experiment Station at Georgia Tech has been conducting at
10 and 16 GHz polarization reflectivity measurements of targets and
clutter to Jdetermine the radar polarization discrimination potential for
a wide range of applications,

The polarizatiou of a radar signal reflected from an ohiect is a
function of the polarization of the illuminat:ng wave and the geometrical
properties of the target. The resultant field of the scattered wave,

s . . . . . .
E”, may be described in terms of the polarization scattering marrix as

s a, . a ]iEt_'
! ; E 11 12| 0  -ixR
E° - o ' Ses
:rﬁb: a, 3 ! h$ ! VAnRZ
where ) ) o )
R = range
k = 2n/2)

s 8 . -
and E9 and E are the scattered field components and Eet and E t are the
©

o

transmitted field components pclavized in the § and iz directions, respec-
tively. The elements of the polarization scattering matrix are complex
terms representing the amplitude and phase scattering properties of the
target for the two orthogonal polarization components. For the special

case of linear horizontal and vertical polarizations, the matrix may be

R e i o PO AP W U
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written as

®wn v

>

qv  Byy

1
where tbe subscripts represent the transmitted and received polarization,
respectively.

The polarization scattering matrix is entirely a property of the target

and irs spatial orientation and completely describes the scattered fields

from the target. If the elements of the polarization scattering matrix
are known, the radar cross section for any given combination of transmitting

and receiving polarizations can be computed., For example, in the simple

P case of the radar cross section corresponding to the matrix elements of

the first column the result would be

a 2
x %HH = |7mH]| ;
h and g
a 2 1
1 o= Ty
For simple radar targets the coefficients of the scattering matrix i

may be calculated. However, as targets become more complex such calcu-

amadr

lations become impractical and evaluation of the coefficients must be

accomplished theough direct measurements.

MEASUREMENT EQUIPMENT

Kuwband Radar

Dual-polarized measurements of radar reflectivity were made simul-

taneously at 16.2 GHz and at 69.8 GHz. The 16.2 GHz measurements were

i
1
|
%
made with the Georgia Tech GT-2 Mobile Radar. This radar is permarently
installed in a van equipped with a self-contained 15 KVA, 60 Hz gascline i

i
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powered generator. The Ku-band radar generates a 60 ns pulse with 4 KW

: peak power. The antenna used for these measurements was a 9 inch para-

boloidal dish with a 5.2 degree beamwidth and a dual-polarized f{eed.
Horizontal polarization was se.ccted for the transmitted wave. Roth tiwe

horizontal and vertical coumponents of the backscattered wave are received

by the antenna and routed to the proper receiver channel by a dual mode
coupler located at the antenna feed. The radar receiver consists of two

idential roceive channeis. Each mixer, supplied by a common local oscil-

lator, is followed by I.F. attenuators and logarithmic 1.F. amplifiers.

v E-band Radar

' A 69.8 GHz radar was modified to provide for dual-polarized radar

: reflectivity measurements, The modification consisted of repackaging and
i adding a separate cross (orthogonal) signal channel to the receiver. This
system configuration is similar to the Ku~band radar with the exception of

the precision R.F. attenuators, isolators in the local oscillator feeds,

-

and a common transmit-receive antenna, Three separate antennas were used
in this system: onc¢ cach for receiving the hocizontally and vertically
polarized compcnents in the reflected wave and one for transmitcing the
horizontally pularized transmitted wave. The three aantennas are identical
horns having beamwidths of approximately 6 degrees and gains of 29 dB.

: This antenna configuration was chosen becaus2 of the greater polarization
‘ isolation achievable in the receiver channels and low coupling between the
receiver and transmitter. The transmitter generated a 50 ns pulse with

a peak power of 4CO watts. Table I lists the system parameters of this

- e

radar.

Timing and sampling pulses for -he two radars are generated in the
video processor unit. Range gates for the two radars are independently
set to the peak of the respective video sigral. The video is sampled,
and the value is held by charging « capacitor which holds this charge
until updated by the next sample pulse. This boxcar signal is then

buffered and level shifted before being recorded on FM magnetic tape for

subgequent computer processing.
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TABLE I

PARAMETERS OF 70 GHz RADAR

i adiv b

N - oa,

TRANSMITTER
Frequency
Peak Power
£

pri:

Pulse Width

ANTENNA

Type

Polarization
Polarization Isolation
Beawwidth

Aperture Size

Slant Length

RECEIVER
Mixer

I.F.
Sensitivity

Dynamic Range

69.8 GHz
400 watts
0-5 KHz

50 ns

3 horns
Horizontal/Vertical
>30 dB

6 x 6.6 degrees

2.0 x 1.4 inch

11.94 inch

Single Schottky Diode
60 MHz log detection

~77 dBm

70 dB




{‘.”wwmwkvmwwq;“.“““_“m

e e —aom e Y

i MEASUREMENTS

; Calibration Procedure

Sowpe memm

Calibration of the data was accomplished by using a 6 inch by 12 inch
. diplane with main beam radar cross sections of 22.99 dB above one squarce

: meter (dBsm) at 10.2 GHz and 34.68 dBsm at 69.3 GHz as an absolute radarv

. cross section reference, The diplane was located 200 feet rrom the radar
: with the flat plate intersection line oriented at 22.5 degrees fiom the

vertical. Equa. anplitude signals, received uy the parallel and cross

polarized antennas, are used as the regerence sigual for radar cross

Section calibration.

e e

Attenuation was added simultancously to each channel

in 10 dB increments over a 70 dB dynamic range. With the 3 dB reduction

in radar cross section due to roration of the diplane, the calibration

. —

radar cross sections are 19,99 dBsm and 31.68 dBsm for freguencies of

16.2 GUz and 9.8 GHz, respectively. Calibrations uf the radars were

made immediately prior to each series o’

g T e T

A

runs.

Radar Targets

Radar targets which have been observed iuclude dense pine groves,

isolated trees, power and lamp poles, moving automobiles and rlat plates

of diffe nt geometrvical shapes. During a data vun, the sampled signals

JRpt SR

from a given range cell were s.multancously received and recorded by EM on

e v rE

magnet ic tape for the parallel and cross »olarized returns from each

radar. Therciore, identical conditions exist at the target, allowing

direct comparisons of the data for the two frequeacies.

Measurement ata

P

0f the targets which have been ohserved, the pine grove presents

: the most intercsting set of data. The radar antemnas werc 10 feet above

ground level and illuminated the pine trees at an azimuthal incident
angle of 42 degrees. Three contiguous 10 second samples of data were

selected for analysis. The effect of wind velocity on tree clutter is

easily seen in both the time and spectral plots during the total 30

secnnd interval. The wind velocity was approximately 1 to 2 nph during

the first 12 seconds of data, changing to an almost complete calm
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K condition for the next 12 seconds and again changing to 1 to 2 mph during
the last six seconds. Radar cross section vs. time and power spectral
density plots for the three contiguous sections of data for the two
frequencies are shown in Figures 1 through 3. The ability of this
particular tree clutter to depolarize on reflection may also be seen by

comparing time plots of the parallel and cross channel data for a given

radar.

The autccovariance functions which indicate the time required for the
received signal to decorrelate, for poth parallel and cross polarized
returns at the two frequencies for the data in Figures 1 through Z are

showns in Figures 4 through 6, respectively. For the 70 GHz radar there

is no significant difference between data samples. Howevcr, decorrela-

tion wceours much more rapidly at 70 GHz than at 1$ GHz.

e A O LT = VAR VAT TR A o

Cumulative distributions taken ove: a one wminute period were computed

and are shown in Figure 7. The distributions include tiie 30 seconds of

data shown in figures 1 thru 3. Variability of the data and median values
mey readily be determined from these distributions. The maximum, minimum
ard median values for data collected on several targets are shown in

Table T1.

Of possible interest to both the automotive industry and the military,

is the radar cross section of vehicles. Figure 8 shows a set of time and
power spectral density plots for an automobile moving through the radar
beam., These data were acquired by setting the sample gate to a fixed range

cell and allowing an automobile to move away from the radar. The radars

o I S U T &

were located above a roadway and the antennas were pointed down at an angle
of 17 degrees. Approximately 2 scconds were required for the automobile to
pass through the range cell, Because the range resolution of the 16 GHz

radar is slightly longer than that of the 70 GHz radar, a completely clear

. s ren s P Ui e . i SNSRI

range cell could not be found at the measurement site. The doppler frequency

generated by the automobile passing through a range cell containing a smaller
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TABLE II
MAXIMUM, MINIMUM AND MEDIAN VALUES OF
RADAR CROSS SECTION IN DBSM FOR SELECTED TARGETS

e L0 LAY

Target Freq Parallel Pol Cross Pol
GHZ Max Min Mean Max Min Mean
g Wooden power pole 16 1.8 -11.6  =3.9  «0.8 ~13.5  =4.7
] 70 11.7 4.0 6.5 -1.7 -15.8 -8 6
Wonden power pole 16 9.6 5.1 7.4 1.7 -0.1 .84
with transformers 70 24.8 18,9  22.9 6.2  -6.4 1.6
? Metal lamp pole 16 7.3 -3.4 2.6 3.5 -10.2 -2.0
{ 70 27.1 18.9  23.6 8.3 -5.9 1.8
Brick building 16 .6 30.3 32.7 20.5 13.0 16.9
70 37.6 25,2 33.2 27.5 14.6 21.4
g Isnlated tree 16 ~«21.3 - 6l1.4 -34.,2 -21.,2 -45.9 -28.,1
R 70 -5.6 -30.5 -16.4 -13.5 -30.3 -22.1
Pine grove 16 -5.3 -30.8 ~10.4 -0.2 =-31.0 ~-1l0.1
70 15.8 0.9 9.1 14.1 -0.2 4.9
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spectrum of automobile.
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fixed target 1s seen in both the time and spectral plots showm in Figure 8.
The difference between the parallel and cross polarized components of the

reflected signal is seen to be approximately 10 dB at the peak of the radar

el

return for both frequencies,

Concluding Remarks

There is a limited quantity of data available at millimeter wave
frequencys. Therefore, the radar systems engineer may not be able to

intelligently selcet or reject these high frequencies as a possible

e DM ki

candidate for a specific radar application.

It would be very desirable to uccumulate a large data base cn both

clutter charecteristies under varying environmental conditions and on

specific targets o>f military or industrial intevest.
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' P "EXPERIMENTAL HIGH POWER AMPL1FIER SYSTEM
3 N FOR MM WAVE SATELLITE CGMMUNICATIONS"

3 by

A. Castro - J, Healy
Raytheon Company
Wayland, Mass. 01778

ABSURACT

This paper describes the development program of a high power ampli-
fier system for mm Wave signals to he used in Satellite Communication
mobile terminals and capable of a gain of 50 dB at 800W output power, over

more than 4 percent instantaneous bandwidth at Ka band frequencies. A

Traveling Wave Tube, Solid State Driver, passive waveguide components and
ahigh package density power conditioner were developed during this program,

which resulted in the practical realizations of new concepts in microwave

tube and Gunn Diode techknologies and advances in the state of the art of
other components.

INTRODUCTION
The objective of this program has been the development of an experi-

mental High Power Amplifier (HPA) system for Satellite Communication

applications at upper Ka band frequencies. The operational requirement is

for a wideband amplifier system suitable for the mobile tactical environ-

ment of terminals to be used with the Lincoln Experimental Satellites 8
and 9 (LES 8 and 9).

b v

In this application a minimum 4 percent instantaneous
bandwidth would be desirable to permit the operation with the frequency

plan of both satellites without requiring retuning or redundant equipment.
DESIGN OBJECTIVES

Traveling Wave Tubes and Klystrons at the kW level have been

developed at low Ka Band and higher frequencies, however, they required a

bulky solenoid focussing system and exhibited relative narrow jinstantaneous

et L

bandwidth. The development of a permanent magnet focussed wideband
Traveling Wave Tube was, therefore, recognized as basic to accomplish the
objectives of this program. It was felt that 1 kW output power over a

4 percent instantaneous bandwidth was realizable, but just at the limit

E4-1
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of the capabilities of presently available permanent magnet materjals. It
was also apparent that heat transter considerations in the slow wave struc-
ture and collector will necessitate liquid cooling of this *tube.

At this output power level, many of the HPA high power passive wave-
guide c¢cmponents had to be developed, such as the high power circulator,
couplers, switches, pressurization window, etc. The losses associated with
thege components were estimated to be 1 dB, resulting in rated power of
80C W at tae output oi the HPA.

The overall gain ot the HPA was chosen to be compatible with the
output levels obtainable trom stite of the art wideband multipliers or
narrow band parametric upconverters. A nominal HPA drive level of 10 mW
(+10 dBm) was adopted, requ.ring a gain in excess of 50 dB for the rated
output. To expect the TWI to provide this gain over a relatively wide instan-
taneous bandwidth was considered impractical and a soiid state driver was
proposed Both avalanche (IMPATT) and TED (Gunn) diode amplifiers may be
possible candidates for implementing this driver. Although avalanche
devices delivering hundreds of mW of output power were available, noise
figure considerations favor TED devices. The nuise figure of the HPA, which
ismainly determined by the driver, 1s of special relevance in achieving
low noise duplexing capability in the Satcom terminals. Since low noise
GunnDiode Wideband Amplifiers of output power capable of driving the TWT
and input circuitry were not previously realized, the development project
ter this device was necessary.

The considerations above uand the preliminary implementation concept

resulted in the design objectives summar.zed in Table 1.

TABLE 1
HPA SYSTEM PERFORMANCE CHARACTERISTICS

FREQUENCY 36.7 to 38.2 GHz

36 to 38.6 GHz DESIGN GOAL
+1.5 dB {+0.> DESIGH GUAL)

INSTANTANEOUS BANDWIDTH 200 MHz MIN
POWER QUTPUT (AT TWT FLANGE) CONTINUOUSLY ADJUSTABLE Up TO
1 KW
F4-2
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TABLE 1 (continued)

QUTPUT WAVEGUIDE ASSY. LOSSES 14B MAX.
LOAD VSWR 2 TO 1 OPERATIONAL
NO DAMAGE UNDER ANY VSWR
MAXIMUM DRIVE POWER 10 MW
PHASE LINEARITY OVER 200 MHz iZO DESIG+ OBJECTIVE
RESIDUAL PHASE NOISE SIDEPANDS AT LEAST 37 dB BELOW
CARRIER MEASURED IN 1 Hz BW
INPUT VSWR 1.3 TO 1 MA.
DUMMY LOAD INTERNAL
PRIME POWER 20G/115 v 3P 4W

PER MIL-STD-13939 TYPE 1
60 THRU 400 Hz

DIMENSIONS PER MIL-E-16400 PAR. 3.11.13.3
NO DIMENSION TO EXCEED 32 IN.

COOLING LIQUID COOLING

PRESSURIZATION DRY AIR OR N2

EQUIPMEST DESCRIPTION

A simplified block diagram of HPA system is shown in “igure 1. Tle
design approach 1is to previde maximum fiexibliity fcr eva.uation of the
individual components ana subsystems, in line with the expsrimental nature
of this program.

The input signal is applied through & monitoriag coupler to the input
of the solid state driver. A remotelyv controlled att2nuator at the output
of the driver permits a contfiuuous change of the HPA output power by
changing the RF drive to the TWT. A latching ferrite switch is used for
aigh speed cut - off of the TWT drive upon detection of RF faults or a
waveguide TWT vutput window arc by the Arc Sensor. A differential phase
shift high power circulator assyres proper output matching to the tube :n
the presence of HPA output high VSWR, The output waveguide switch selects
an internal dummy load or the HPA output as the HPA termination. Provision
to Incorporate one duplexing filter 1s shown by dotted lines. The output
pressurization window is separately provided, permitting the pressurization

oi the output waveguide run from the HPA. A thermiztor bridge is integral

4-3
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to the equipment and allows precise measurement of the HPA output forward

NI AL die

T~ — ‘WM

s and reflected power and the TWT input power.
For meeting the intended installation coustraints the equipment was
configured in two units having a 17.5 x 17.5 x 32 maximum envelope dimen-
% ) sion, as chown in Figure 2. A Contrcl Panel allows for remote operation
3 i ol the equipment and for experimental purposes, iudividual simultaneous

monitoring of critical parameters was provided.

; DEVELOPMENT PROGRAMS
E;;
2 TRAVELING WAVE TUBE
1 E The specifications for the 1 kW permanent magnet focussed TWT
; % development follow from the above design objectives and are given in
3 § Table 1L.
g TABLL 11
¢ TWT SPECIF ICATIONS
é FREGUENCY 36.7 TO 38.2 GHz
f 36 T0 38.6 GHz (DESIGN OBJECTIVL)
E Ll POWER OUTPUT 1 KW MIN. INTO 1.2:1 VSWR i 4
GALN 43 dB AT 1 KW OUTPUT {4
§ 3 +1dB INSTANTANEOUS BANDWLUTH 200 MHz MIN. i
LSBT VSWR 1.85 TO 1 MAX. . 3
NOTSE FIGURE 15 dB SMALL SIGNAL ¥
38 ¢B AT 1 KW OUTPUT
AM/PM CONVERSION 6°/dB
PHASE LINEARITY OVER 1 BW +6°
+2° DESIGN OBJECTIVE
HARMOSTCS 20 dB BELOV FUNDAMENTAL
FOCLSING PPN

Tie design highlights and the most important techniques introduced
in this development program are given below.
Focusing System
; A reosonably good beam coupling at mm waves will result in extremcly 3
high beam density, and stringent mechanicai tolerances. Good focusing ?5

must be achleved in order to maintain low intercept current otherwise poor
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heam transmisslion will limit the maximum allowable beam current, and
therefore, the output power obtainapble without ocutgassing or melting the
structure. This problem is compounded by the heat transfer difficulties
due to the small physical size of the structure at these high frequencies.
It is apparent that focusing of the tube is of critical importance,
even more considering the limitations of permanent magnets. Conventional
coupled cavity permanent magent focused tubes use a Periodic Permanent
Magnet (PPM) system integral to the slow wave structure. A new PPM
focusing concept was introduced by Siemens, making the system, inclu-
ding role pieces, external to the slow wave struccure. As a result, the
periods of the PPM system and slow wave structure are now independent and
additionally, improved heat transfer characteristic is obtained in the
all copper slow wave structure, This technique will, however, tesult in
lower axial magnetic field than integral pole pleces, therafore, requiring
magnetic material of very high energyv product. A suitable magnetic fie¢.d
intensity for focusing the required beam power is obtained with Samarium
Cobalt (SmCoS) rings.

Slow YWave Structure

The slow wave structure consists of a three section coupled cavity
structure separated by internal attenuators. The cavity degsign is similar
to the Bell structure, and operates in the first space harmonic.

A velocity taper is introduced in the latter cavities uf the last
section 1n order to maintain the electronic efficiency over the instantan-
¢ous bandwidth.

Reulization

The resulting operating parameters of the tube are given in Table 111
and a photograph 1s shown i{n Figure 3.

A modulating anode has been included in the gun design to facilitate
turn on and off the tube. The static switch-on behavior of the tube
exhibits good stability as shown in Figure 4. This characteristic is of
particular concern since PPM focusing systems may exhibit regions of
instability.

Figure 5 shows the TWI gain at 1 kW output power Jevel vs frequency

as tested in the HPA witih the tirst prototype tube. Improvenmeuts were
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made in the internal matches of the tube and are reflected in the prelim-

inary measurements taken in the second prototype, showvm in Figure 6.

TABLE II1
OPERATING TWT VOLTAGES AND CURRENTS

MINIMUM NOMINAL MAXIMUM
HEATER VOLTAGE 5.V 6.3V 7.0V
HEATER CURRENT -- NORMAL OPERATING - - 1.5A
CATHODE -- BODY VOLTAGE -23K -~ -26kV
BODY CURRENT -- - 45 mA
COLLECTOR ~- CATHODE YOLTAGE +12 kV -~ +14 kV
CATHODE CURRENT 300 -- 500 mA
40D. ANODE VOLTAGE -4kV - -10 kv

Figure 7 shows overall DC to RF efficiency neasured in the first
prototvpe and for different collector depression levels at 1 kW power out-
out. Small increase in circuit current was experienced for collector
depression up to 66%.

Solid State Driver

During the design phase of the HPA program two amplifier designs were
evalvated. One was a two stage Avalanche Diode Amplifier (ADA) that
produced 200 mw with a gain uf 15 ¢B and the other, a newly develcped
single stage Gunn Diode Amplifier having the power, gain and bandwidth
equivalent to the output stage of the ADA. Table IV shows the trade-off

data for both amplifiers.

TABLC 1V
DRIVER TRADE-OFF DATA

R ARg & RIS EE R RN B AR S R R R AR T S Rt W R AR T

AMPLIFIER TYPE

NUMBER OF STAGES
NOISE FIGURE
OUTPUT POWER
GAIN

AVALANCHE DIODE aMpP
36.7 TO 38.2 GHz

2

35 dB

160 MW

12 +0.5 dB

E4-9
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GUNN DICDE AMP
WITH DESIGN GOAL
36.0 TO 38.6 GHz
2

18 TO 25 dB
100 MW
12 +0.5 dB
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TABL: 1V (continucd)

GAIN VARIATION

; OVER FREQ. RANGE - 0.5 dB
o OVER FREQ. RANGE AND 55 +5°C 2.5 dB 1.0 dB

? OVER 200 MHz SEGMENT AND

% 55 +57¢ +0.5 dB 0.5 dB

i PHASE LINEARITY (OVER 200 MHz) 1 LSEC GROUP DELAY  +1 DEGREE

: DC POWER 4.0V 2 0.5 AMP 9V @ 2 AMP.

Because of its favorable noise characteristics, the Gunn device was
sesected as the driver to the TWI. A description of this development is
being presented elsewhere in this Con’ereunce.

Figure 8 shows che available drive power over frequency, a:t the input
flange to the TWT, including the driver and all microwave components shown
in Figure 1.

WAVEGUIDE COMPONENTS

ceveral standard Ka band catalog components are currently asailable,
however, appreciable redesiyn was requised Lor high power components. Of
particular importance is theoutput ferrite circulator, since it defines
the tubz load and provides fault protection. Figure Y shows the output
waveguice assembly, including the circulator.

High Powzr Circulator Development

The ferrite circulator design used for the HPA was a 4 port differ-
ential phase shift type. The most critical parameter for the circulator

vas insertion loss since it controlled the electrical performance of the

HPA aud the thermal design of the circulator. The proper choice of
ferrite material, territe bonding techniques and distribution of the
water cooling to the elements of the circulator allowed insertion losses
belcw 0.5 dB with isolation in excess of 20 dB.

L AILTAGE POWLR SUPPLY

As discussed previously the TWT overates in a depressed collector
con.iguration within the limits of vol.ages and currents given in Table 111.
For the intended tactical use of the equipment. techniques which will

minimize the volume and weight of the equipment, in particular the power

E4-10 ;
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supply, must be used. To accomplish this objective the following steps
have been taken:

@ An inverter type of power supply was proposed.

@ Liquid cooling of subassemblies and components is used to the

maximum extent possible.
® 0il immersed assemblies of all high voltage components maximizes
the packaging density.

The simplified blocx dliagram of the power supply is shown in Figure 19.
The primary power line is rectified, filtered and inverfted into a high
frequency synthetic line, chosen to minimize the size of the High Voltage
step up transformers and filters. A 10 KHz frequency and ferrite magnetic
components were used In this design. The dual inverters allow voltage
adjustment for initial set up and to provide the necessary voltage regu-
lation, controlling the phase of one inverter with respect ta the other.

The use of a high frequency synthetic line followed by reciification
and filtering presents a number of important advantages in addition to
size and weight. In the first place, the component values to achieve a
given filtering characteristic are very small, resulting in small stored
energy, therefore, minimizing the risk of destruction in the presence of
arcs internal or external to the tube. The stored energy in this design
is less than 4.5 joules in both the collector and cathode supplies. Also,
the power cupply may be turned off from the primary side by inhibiting the
inverter trigger, which occurs every half cycle or within 50 microseconds,
allowing extremely fast turn-off in the presence of a fault. No crowbar
is required for adequate protection of the tube, thus avoiding the well
known problems asscociated with these types of devices.

CONCLUSIONS AND ACKNOWLEDGEMENTS

The feasibility of achleving high power amplification at Ka band
trequencies over a relative large instantaneous bandwidth, in a physical
configuration suitable for being integrated into tacticel catellite communi-
cation terminals was proven. As a result of fulfilling the design objectives,

several advances in the state of the art of mm Wave active and passive

components vere accomplished.
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3 A ANALYSIS OF AN ANISOTROPIC DIELECTRIC RADOME*

by

r Donald G. Bodnar and Harold L. Bassett

Systems and Techniques Department

S Engineering Experiment Station

Georgia Institute of Technology
Atlanta, Georgia 30332

<

ABSTRACT

A grooved-dielectric radome panel is analyzed in terms of an arbi-

oy gAY P s e

trary direction of incidence on N planar slabs each of which is dielec-

trically anisotropic, homogeneous and lossless. Using this model for

.

bt the grooved panel, transmission coefficients of 90 percent or greater

over a 10:1 frequency band and over 0o to 600 incidence angle are pre-

! dicted and demonstrated experimentally, Measurements are presented on

two panels from 3 to 35 GHz,
I. INTRODUCTION

: ; Reflections from radomes can be eliminated by smoothly changing

E the dielectric coustant of the radome from a value of one at the inner

} ' and outer surfaces to an arbitrary value in the interior [1,. The
possibility of physically realizing such radome p.rformance is analyzed
in this paper for a particular class of grooved dielectric panels shown
in Figure 1., This panel is made by machining triangular grooves into

both sides of a flat, solid piece of dielectric. It has been experi-

mentally demonstrated [2; that the panel shown in Figure 1 can indeed have

broadband performance. The purpose of this paper is to establish a j

theoretical basis for this performance, present some new experimental

AL et I

; data, and to provide some new design data on this type of panel.

The radome technique described permits very broadband radomes to

be realized that also operate over a wide range of incidence angles thus
eliminating the need to "tune" for a particular frequency and/or incidence %

angle.

*This work was supported under Contract F33615-71-C-1694,
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I1. MATHEMATICAL MODEL OF PANEL

The panel shown in Figure 1 is both dielectrically inhomogencous
and anisotropic since the dielectric preperties vary both with position
and with direction at a particular position. This panel was modeled as
A series of slabs cach perpendicular to the z axis as shown in Figure 2,
Each slab is homogeneous but anisotropic in general, and ecach is intended
to represent the medium parameters at the corresponding z location in
Figure 1. Let there be a total of N slabs including the semi-infinite
isotropic-dielectric regions on either side of the central slabs. The
m-th slab starts at z = dm_1 and ends at z = dm. In the m-th slab the
permeability is a scalar constant o and the rectangular components of

the permittivity censor are given by

[ n
K 0 0
X
m
T = ¢ K
o €, 0 v 0 (1)
m
0] 0 K
Z
™

where €, is the free space permittivity and ‘x , K and c, are the
m a m
dielectric constants in the various coordinate directions.

A series of ordinary and extraordinary waves (3, 4, 5, will wypicaliy
be generated in each of the layers of the panmel when a single planc wave 15
incident from the l-st layer. A superscript o and e will be used to distin-
gulsh between ordinary and extraordinary components, respectively As
shown in Figure 2, the total electric field in the m-th layer will be com-

posed of an incident field E traveling to the righr and a reflected ficld

i

- m

Er traveling to the left. Botn of these electric fields will, in general,
m

contain both ordinary and extraordinaxy components that travel in different
directions with different velocities. Several ordinmary and several extra-

ordinary waves will be present in cach Ei and each Er if the optical axes
m m

E5-3
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: in each layer are arbitrarily orienced [5)j. It can be shown that if (a)
cach slab is uniaxial (or isotropic), (b) the optical axis of each layer
lies in the x-y plane, and (c) cach optical axis is either parallel or

perpendicular to all other optical axes ther (1) only one ordinary and

one extraordinary component exists for each Ei (similarly for Er ) and

m m .
(2) the incident and reflected waves 1n 4 wmedium have the rame ordinary and

extracrdinary propagation constants, namely B; and E;, respoctively,
Assumptions (a), (b), and (c¢) are valid for the panel in Figure 1 and wiil
be madz in all that follows.

According to Born aad Wolf [3, and to Jones (4 , the electric flux
density D of the ordinary wave in a uniaxial crvstal (assumption (a) above)
is perpendicular to the principal plaue while D oi the extcaordinary wave :
lies in the principal plane. The principal plane is defined to be thc plane
containing the optic axis and the direction of propagation, Thus in each
region there are four principal planes, one for the ordinary and the extra- -

ordinary components of both the incident and the reflected waves. -

g
A rectangular coordinate system will now be cstablishec for cach of g
these four ccmponents in terms of the principal planes. For brevity, let
n, represenc any ot the four directions of propagation vectors., Let u
(0]
m
be a unit vector in tue dircction of the optical axis in the m-th region.
Notice that u, is indepcendent of which oif the fouc direction of propaga- b
m _ - o
tisn vectors is selected for n ., TLet u  be a unit vector perpeundi:ular {30
m L

m
te both the optical axis and the direction of propagation n such that

n xu
m o

E =i =77 :
Lm n xu l 2) 2
I .

(¢}
m m

Notice that u depends on which direction of propagation is sclected for
“m

n . Fipmally, an orthogonal coourdinate system will be completed by defin-
m

ing a unit vector u in the principal plane such that
mn

E5-4
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The unit vectors Uy s M, and u form a right-handed rectangular co-
m im Il
ordinate system which is termed an optic axes coordinate system. The ordi-

nary componenc of D is colinear with u and the extraordinary component - :
im
D lies in the principzl plane, Since each layer is uniaxial, the dicl.ctri.

constant is independent of direction in any plame transverse to the op ‘¢

axis. hus, by choosing Uy s U and u as tue axes, the perm.ttiv.ty
m im 'm _ _

tensor can be reduced to diagonal form with the u and u components of

L
m m
the tensor being identical. Thus, the components of E along the u and
u transfer into the extraordinary component of D and the component of £
1
m _ _
along u transfers into the ordinarcy component of D.
+m
The field components in each layer are represented in tewms of the
optic axes coordinate system. By matching the tangential elvce.ic and
magnetic fields at each interface z = z  one obtains the foilowing reiatica-

ship between optical-axes coordinate-system components on .ach side of Lhc

interface
AW I A T
< : = A L ;
nrf-l( m) lrn+l "m( m {m (&,
The A tensor is a & x & tensor whose components are given in gpe -

A while f% and E;+l are colunn vectors and

r Y

TR AN KN




and £m+1 has the same form as [m with m replaced by mtl. The subscripts

0 and ; reprusent components along u, and u , respectively, for the
m tm
appropriate incident ov reflected wave. By inverting (4) and by repeated

multiplication, the clectric ficlds inside the panel may be eliminated

and one obtairns

N C - l]_ (&)
where
€=ty By By By By (7
and
Em = X;+1(dm) - Xm(dm) (5)

Usually the incident field is known and the transmitted and reflected
fields must be found. This can be done by partitioning (6) and solving

the resulting equations., One then obtains
% eq

— =-1 = —_
Er F4 ’ F3 ) Li (Y)
=, -F YRy -1
be 17 T Fy T F) Ty SR
where
‘i ‘iz o1 %3 S
F. = F, =
1 2
“21 Caa] €23 Sy
. 1 ™
N VR . %3 G
F, = F o= (1)
C c “ e c
41 42_] [ 43 44
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and the C's in (11) are the elements of E, and

1 E r
_ E . B ON _ [‘Y‘.Ol
L = i = = .
i € ; E, (12)
W1 E r
E l~ 1 I
1y N 1

The incident, Ei reflected Zr and transmitted Et fields in (12)
are specified in terms of optic axis coordinate systoms, For more con-
venient usige they need to be cexpressed in terms of rectangular coordinate
components. If the incident field in rectangular components in ediue.

15 g:ven by

= |
I

(EX’ E, E.) (i)

then

E' =E cos 6, +E sin © (14)
0y x 1 y 1
E1 = Ex ut +E ut + 2 u: )
11 e SR AR A5 | 4

The angle 31 is the orientation of the optic axis in medium 1 with roesy

to the x axis., Since medium 1 is isotropic 61 wmay be arbitrarii:
parallel or perpendicular to the other optic axes. A similiar vepl oan

can be made to conver! il and { to rectangular compo.ents.
r

The divlectric properties v the panel in Figurce 1 were modelea by

usv ol a semi~infinite strip-array analyeis (2, 6,, The dielectrie vonstas.

tor perpendicular polarization (sce Figure 1) which represents » onc (z 10
region d1 of I'igure 1 is given by the zero of the following tunctien:
l’K?‘KI [ e——
11 e - 7
f (K ) = = +AJ =K+ f—f 3 K - it
1( l) 2 I s Lan 7% coth (B /€ Kl vib
L 1 -
-d
E5-7
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where
%
A=2.—:zi—i (17
A
1 "o
w, 1
B =20 (1 - ) — (18)
L A
1 o}
and w is the width of the strip at the z location of interest. The

diclectric constant tor paraltel polarization which represents € tor

region dl of Figure 1 is given by the zero of the following function:

KoJE - K
1) 2 i

i

£ (K5 =28 ,\/'(2 - ’(” - tan_ L tanh B“/-K_IT- 'Cl (19)

I K. JE - K

172 I

and A and B are defined as above. Equations 16 and 19 can be solved
using Muller's method, Newton-Raphson or other techniques. By using an
appropriatc change in terms, (16) and (19) can be used to determine tic

K's of region d, of Figure 1.

3
The propagation constant of the ordinary wave in the m-th medium is
given by

.-
¢’ =k o £ (20)
°¥ 7,

while that for the extraordinary wave is the solution of 7

- ?
R N L SO R
m Yarl  © " TS o Sal
. 4 )
N R ') (32*] _ K) nl ok
nrt ) ani 0 nr O ] ym )mfl
2 B 2 2
+(B - K k’) (& - K k)
1 bl © m+1 Ymrl
Bl . o2 - k=0
7 *m Yn o+l (21)
m
E5-8
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] - p Since all quantities of interest in (21) are known in the first region

they may be determined for all media to the right of it. The direction

of propagation in each region can be determined from that in the first

region by

T

x

W
s

X

n = - n
sl em+1 Ym
g e e ————————
0 =+‘/71—ni - n (22)
mt1 m+1 mt1
? III. COMPARISON OF MEASURED AND PREDICTED PERFORMANCE ?
E The initial performance predicrions were based on the conditions for
A : which the Richmond WKB scolution is valid {1] for plane wave transmission Fi
§ througn inhomogencous layers. For a lossless panel, for any angle of ?
incidence, total transmission ol power is obtained; the insertion phasc
; delavs of the parallel and perpendicular components are equal, and the 3
: phase of the transmitted wave depends only on the average valuce of ;
5 \/ {(z) - sin29 in the panel of thickness d. !
E The main problem with applying these results was that ot realizing a
priactical structure that has the required variation, «(z), of dieiectric
ccnstant., That 1is 1
1 (1) ~(0) = 1.0 (incident point),
! (¢) 7~ (d) = 1.0 (exit point), and
' (3 —(—]:;;—(2 L k4 () - sin2(i‘j3/2 ;

as required by Richmond's WLB solution.

In utilizing these results for the panel o Figure 1, additional design

T
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data were required. As previously reported [2], the spacing restriction

is:
; 1 s
28/\ = - (23)
\/n +\/K lsing
1 t
where
61 = angle of incidence,
Kl = 1 (dielectric <onstant of free space)
K2 = dielectric constant of panel material, and

24 = center-to-center spacing of the strips.
There was also a restriction on the rate of change of the dielectric con-
stant with distance. The restriction for which the WKB solution is valid

is given by

o 4o, o 2..3/2
PdE e 2T 0L (2) - sin®6; / , (24)
dz A
o
wiiere
K (z) = real part of complex permittivity function, and

>
H]

operating free-space wavelength.

By utilizing Equations 23 and 24, design parameters werc calculated tor a
vroadband panel and these data are tabulated in Table 1. For a ceater-fo-
center spacing of the grooves of 0,26-inch the upper frequency limit wouic
be 18 Gilz (essentially the upper frequency limit is controlled by the groove
spacing.) The lower frequency limit is controlled by the depth of the
grooves, dl' and for 2 Gtiz to 18 GHz operation, this value would be 5.8
inches. 7This thickness was impractical and it was decided to usc¢ a panel
thickness of 1.5 inches with 0.625-inch groove depths oa each side of the
panel. The panel did have an upper frequency cut-off near 18.0 GHz while
the lower frequency cut-off was near 4.0 GHz. This panel is referved to

as Panel No. 1 in the section on measured results. Another Panel, No. 2

>

was fabricated with a groove spacing of 0,125-irch and data are also

presented on this panel. Both panels werce made of Rexolite.
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k TABLE 1
3 Calculated Parameters for Broadband Panel
3
E 3 fmax’ f.'nin 4 d1min
L ; (GHz) (Inches)* (Iaches)
| 2 1.20042 5.78973
] 4 .60021 2.89487
é 6 .40CL4 1.92991
. § 8 .30011 1.44743
f § 10 .24008 1.15795
§ 12 .20007 .96496
1 14 17149 .82710
{ 16 — _—
o 18 .13338 64330
o _ -
i 22 -_— —
15 24 10004 482438
| 26 — —
| 2 — —
i 30 08003 38598
f 32 —_— —_—
" — —_
‘ 36 06669 32165
#yote that 2 is the half-spacing of the strips; the center-to-center
spacing is 24,

—
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A. Measurement Technigue

A microwave phase shift bridge free-space technique was employed cu
determine the broadband panel insartion phase shift and insertion loss s:
functions of trequency, incidence angle and polarization, A Scientitfic-
Atlanta phase/amplitude receiver was used in the measurcments to obtain
the pancl transmission data.

A reierence flat pancl was inserted between the two horns in the sample
arm of the phase shift bridge and the system was adjusted and calibrated
s0 that the refercnce test panel transmission properties approached those
of calculated data for a theoretical flat panel, Once the reference flat
panel measurements were completed, the broadhband panel was inserted into
the test rixture and the transmission properties were recoerdad. These
data were taken at 1,0 GHz intervals from 2.0 GHz to 24 GHz on Panel No. 1
and from 2.0 GHz to 40 GHz on Panel No. 2.

B. Measured Results

The pancl transmission data are presented for the 0° and 60° incidence
anglec cases only. The data for the angles between 0° and 607 were measured,
and since these data fall within the cases plotted, it was fult unnecessary
to present each data point. Thus, only the extreme cases are presentud
here, It also reduces considerably the number of plots required to define
each panel,

The transmission data for Panel No. 1 are presented in Table Il. Both
the measurcd and predicted values are shown. Note that the transmission
properties oi Panel No. 1 are excellent to about 20 GHz. For vertical
polarization (the perpendicular polarization case), the inscrtion loss
changes drastically near 20 GHz., On the low end of the frequeacies tested,
the panel did not transmit satisfactorily below 4,0 GHz. Panel No. 1
operated satisfactorily from 4 GHz to 18 CHz.

The transmission data for Panel No, 2 are presented in Table I11.
Again, only the 0% and 60° incidence angle cases are shown. ‘The panel had
gocd transmission properties from 4 GHz to 36 GHz. Transmission propertics
of the vertical polarization case, which is the worst case, are tabulated
from 3 GHz to 35 GHz. Spot checks of horizontal polarization were made

which indicated that the pancl transmission nroperties are bhetter for

E5=-12
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horizontal polarization than for vertical polarization. The agrecment of
phase angles was worse for Panel No. 2 than for Panel No. 1 since the tops
of the wedges of Panel No. 2 were blunted instead of sharp as in the
mathematical model,

The computer analysis program, which is being presented in this paper,
was formulated during the panel measurement program. The analysis verifies
the mersured data as indicated in Table 1I and 11I1. By having this program,

one can analyze the transmission properties of any anisotropic dielectric

panel,
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Appendix A

AMPLITUDE COEFFICLENT TENSOR

The tensors X& and Xm+ have the same form only the subscript are

1

different. The argument dm of these tensor functions, however, is the

same for both, For an argument d, the form of these tensors is as follows:

11 12 13 14

21 22 23 24

e}

(d) =

m

31 32 33 34

41 42 43 44

where

i [
A = fcos § + C ' >
bt ( N m a1 1xnm> Lm(d)

. 1 0
A12 ux em\d)

Y fa
A, = 5 + C o 1
13 QJ‘ 0m nr ux. ) nn(()
m m
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21

22

23

24

31

32

33

34

e [sin 8 + C. u e (d)
m it Il m
m m
=u e;(d)
Ylm
/ r e*
= [sin 8§ + C u e (d)
e yi m
*
=" e; (d)
yLm
= g° {. : sin O + C (ne. ui
m i vi oz
T m
= 38° ( =%, (d)
m l zi Tyl
™ m
= De [ sin b+ C (ue ur
m m itT yr kAl
mn m m
w
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To simplify manipulations, the following terms were defince., et 3
0o U
-3k n” 4
o m 2i
c (d) = e
m
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The parallel components of the field were vliminated by using

n * D =0 thus ovtaining

: .
=g . E
1] {11 o
m m m
where
e , C i
., K cos 8 +u ., K sin ¢
i x m i m
C = - m i n m
g8 [} i o i
n_. Kx u ot K | + 1 K u
X li i 21 z 1
m m 'm o Ym Yig m “m b
and
r T
EE =c &k
h Wy O
m m m
where
e e .
n K cor 6 +n K sin ©
xr X m yr ; m
c - . m_m m “m L
il e r e r r
Tm Py Kx Y n ¢ v il zr Kz B
m m yr[l'\ ym y m T e

The angle Fn ;5 used to specify the orientation of the optic axie witi
1

respect to the x axis in the m-th layer as

u = cos b oa +sin a0
0 moox moy

m
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L EFFECTS OF SURFACE MOISTURE ON THICK RADOMES AT 8 mm
by
3 R. L. Mather, J. M. Devan, and H. Milligan
- Naval Electronics Laboratory Center
L San Diego, California 92152
[ . S
1 WATER EFFECTS, GENERAL AND QUALITATIVE
The principal purpose of the radome in u submarine application is to exclude water from
E the submerged antenna structure, “vhe antenna propertics will be used only when the submuarine
? issurtaced. However, the radome may be covered with a residual water layver that remains at'ter
surtacing. orat may be wetted by splash, spray, or nian. Although it does not appar possihie
E to obtum for computation purposes a rigorous mathematical description of the typical water
; layers that may occur on the radome surtuce, experimental studies have been made of antenng
i properties while the radome has bee - wetted with water spray. The combination ot simple
; calculations and expenmental data yelds a tirst-order understanding of the radome water ettects.
! Becuuse severe tundamental problems exist, both an the caleulation and the experimental
; measurement of water effects. a qualitative conjectural picture of such effects is first presented

i order to 0t the avalable calculations and measurements into a coherent context.

Water hus an anomatowsly high diclectric constant and loss tangent tor the 33-40-GHz
region m compatison with the dielectric maternls used tor the radome. Weter layers i tew
thousandths of an inen thick catise major attenudtions of the fields. Water drops larger thas
10O mcrons ¢=0 1T mm =0.004 imeh) in dameter (roughly the dividin g hne between tog and
rain} are essentually opaque. For layers and draps of these small dimensions, surfuce tension
forces are very sipmiicant Ineapeniment and apphication, insufticiently known surface tension
ctiects intraduce uneertaimtes.,

The clean surface of the B A-d radome tsed v these expeniments s quite water repel-
lant. At low spray rates of tresh water, the surtace s dotted with clinging drops separated by
dry surface. A Large fraction ot e surface s essennially dry, and antenna performance s
dimost nnattected by the waier drops, As the density ot drops increases, i coagulation threshoid

s reached . and tnansient rivalets carry oft many of the accumulated drops. Under certinm con- ]
ditions, the scattered radettion trom these transient pivalets can be obsenved i the ~idelobe [
fepions of the antenna pattern Chackle nose ). As the spray rate mcreases. the rivulets form 4
more trequenth and Timally merge 1o form a contimuous fiim over the surtace. with accoms-
panyimp hneh attenuation, The temporal uneveness of this film will amphtude-modulate the
mam beam tpitter-patter nose ). Once such o Bilm has tormed and the run-ott How pattern has
been established, the il thnck ness inereases relativedy slowly wath spray rate.

The water hilm s established more casily and maintaned longer it the radome surtace
las been contanmmated or i the water contans certain kinds ot ampurities. A BEA-tvpe
tadome was unmersed i the ocean tor several months and observations were made of the

biolog:e touling that oceurred. The expenment indicated that iologic toulmg may be an s
portant tactor m radome and antenna pertormance atter immernsion periods ol 60 davs. Ocean
water feom near the shore of Pomt Loma (perhaps <shghtly contaminated by San Dicgo sew.ape
tallouty appedared aore prone. qualitatively . to film formation on the BLA -1 than did San Diego
ity water. However, most ot the expenmental results tor the two types of waler were
distinguishable.
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THEORETICAL CALCULATIONS

Supplementimg the expermmental observations wore theeretica) caicadaions inwinch the
water wis modeled by a untornm Liver ot diielectne over the radome surtace. The delectric and
loss constants tor the water Liver are very hagh relative to those for the radome materal, “there
has been uncertamty i the proper value tor the water constants at -mm wavelengths, and we
have used Dr. Howard T Bossey ot the National Boreau ot Standards, Boulder. Colorado, as our

Raadi el s

: expert on these constants. His latest recommended vatues tor Copenhagen water va laboratory-
! standard seawatertare hsted an table 1o The value tor the diclectric constant is some 13 pereent
higher (Dased on hus expernments af these trequenvies) than older values based on lower fre-
quency measutements, Fhe theorcticai expression used to Gt the dielectine constant data pre-

s . dicts changes with trequenay and salimity which are small compared (o those tor changes of

temperature. The predicted mercase of water-layer attenuation between O and 2070 1 about
: 38 percent.
. ; Annicresting teaare ol the theoretical calculations is the interaction of the internal
reflections ot e radome and water layers, These interactions are such that the peaks of trans-
i mission whiwh ocour near even numbers of quarter-wave thicknesses tor the ey radome shatt
to odd numbers of quarter-wanve thicknesses tor water lavers thicker than 2 nullunches.

The ctiect ot the added water layer on the antenna pattern - caivuluted to be quite
smadl.

| TABLE 1. SFAWATER DIFEERCTR- . PROPERTIES

tReconmimended values tor Copenhagen warer b Ho Lo Bussey Feb 74,

Temperanure, 7.4 GHy 1 _3RA Gy

e W Tan b . Tan &
0 10,20 1.96 993 1.96
3 L s os 1.5% 11.72 1.5
10 1421 : 1.77 | 13.79 )
N 16.57 1.65 16.07 } 1.67

‘ 20 1903 1.53 ' Ind0 | 1SS

3

? 25 2150 141 RER R

:

V

i
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EXPERIMENTAL MEASUREMENTS WITH UNIFORM WATER FIILMS

A unitorm water tilm could be established experimentally on the rudome surface in
three ways: (1) the water could be held in place with absorbent puper tissue; (2 lanmanar
flow ot water could be established over the radome surtace; or (3) u continuous fihm of water
could be formed over the radome surtace under very high spray rates. The measurements
under these conditions showed excellent agreement with the comparable caleulations, bxam-
ples of such data are shown in tigure 1 for transmission vs water film thick ness.

The antenna pattern measurements show somewhat more degradation of the pattern
with the water Ot than was predicted by calculations; however, the effects may not be out-
side those resulting from the expeiinental errors in the unitormity of the tilm.

EXPERIMENTAL MEASUREMENTS WITH WATER SPRAY

Eyperimental measurements done with water sprayed on the radome are closer to real
Navy conditions, although all su<h meastrements sufter from time varintions of various Kinds.
During expenments with water spray, the antenna range site was somewhat windy so that the
spray was wind-blown in 1 manner that might be expected at sca. (A tume recording ot the
range signal tor several spray rates is shown .n figure 2.) Spray rites i excess of 30 mehes
per hour were required (0 maintain a continuous tilm over the BLA<4 radome surface. The
signal loss ~nown in tigure 2 resulted almost entirely from water on the radonie surtaee and
very hittle from spray suspended in tiee air. The time required tor the signal to recoret to
within 0 23 dB of the dry radome transmissien was about 30 seconds.

The antenna pattern measurements were made as the antennu-radome combmation was
turned at 4 constant rate. The resulting plotted tunciion s a combination of bath anpular
varations and time variations. The variations that were too rapid to be angular vanations are
attributed to tine variations.

Two antennas were used within the radome: (1) a low-gain, small-aperture. Iinearly
polanzed. zam-standard horn, and (2) a high-gain, large-aperiure (Lo-m. . night circularly polar-
iz7ed, parabohe dish, Antenna gamn s used as an indicator of eftective apertuie size. and {ig-
ure 2 shows that water sprav eftects are Larger with the lowsgaim (small-aperture ) antennag (as
would be cxpected). No ditterences in effects could be attributed to the ditterence 1 polar-
1zation between these antennas.

Tirckles form over the radome surtace even at low spray rates. This temportarny (lasting
secands) seatiering powmnt is separafed trom the main antenna location, and o beat between the
scattered radiation and the direct beam s observable as the assembly s turned. This s more
prominent with the small aperture (g, 3) than wath the large (fig. 4). An amphitude relative
to the man beam can be assigned and is plotted in figure § against antenna gain.

The splatter of individual drops is presumed to disturb brictly (tiaction ot a second ) the
continucus water iilm formed at high spray rates to produce “pitter-paticr” nowse. Tius noise
v abservable as scattenng in the sidelobe region ofig. 6 and 7). and its amphitude s also plotted
i fgure S aeanst antenng ain. The pitter-patter also amplitude-modulates the mam heam at
iow audio Irequencies (below about 25 Hz), and the percent modulation i~ indicated m tigure .
The farger apertare 1s dramatically less subject to pitter-patier noise.

The tnrures 3,04, 0, and 7 cover low and high spray rates and saltand laree apertioges
to ive a rouprh overview ot the offects of spray on antenna patterns, In e 7. the reliine
stdelobe fesel tor the near sidelobes his been increased by thie spray. Inother data. the tela-
tive incivdse has been of the order ot or less than the main beam attenwition. :
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CONCLUSIONS

: The eftects ot surlace masture on g thick radome at 8 man have been observed under o
variety of condinions and analyzed mto ¢ amforn film component. i trickle component, and u

i pitter-patter component. Phe aniform Tilme ettects appear to be calculable, and mproved water
: diclectnie constant mtormation tor these trequencies has been produced. The trickle and picer-
patter components have been measured tor large and small etffective apertures, with the expec-

tation that apertures of other stzes will tall on the same curves.
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| B SECOND AND HIGHER ORDER RADOMES
Ii i oL FOR MILLIMETER WAVES
-
o by
t R. A, Hayward and G, Tricoles
f General Dynamies Electronics Division
S San Diego, California 92138
L
. 1. INTRODUCTION
-
: ’ Miliimeter wave radome techniques differ from those for centimeter wuves
cven though both types can usually be analyzed with a single method and fabricated
: ’ from identical materials. A major difference is in the thickness of the radome
1 ’ wall, YFor narrow band radomes*, which usually consist of a single homogeneous

layer. the wall thickness { is either thir relative to the wavelength Ad** or is

approximately an integral multiple of 7\d/2. These thicknesses maximize the
transmittunce of a fla. dielectric sheet for wave polarization parallel or perpen-
dicular to the plane of incidence, The same thickness crileria apply to curved
radomes because a radome can be locally approximated by flat sheets. Clearly.
for the clases of radome designs such that t is much less than Ad (thin wall design)
or t approximately equa’ ?\d/2 (haif wave design) a millimeter wave radome would

he thinner than one for contimeter waves,

Although the thir wall and half-wave radomes are common {or centimeter
waves,. at millimeter wavelengths the thickness may be too thin to withstand prac- 3

tical aerodynamic loads or pressures, In such cases, thickness values equal

2(>\d/2) may be acceptable. I not, even higher order designs such as 3(A 1/2).
(

4(7\d/2) and so on may be necessary.

*A narrow band radome ultenuates relatively little in a frequency band a few per-
cent from the center frequency.  Relatively little means usually that power
transmittance exceeds -1 to -2 dB,

**The wavelength Ay is the value in the dielectric: it is Ag/r., where Ay is the ;
wavelength in free space and n is the refractive index. .
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This piper gives predicted values of electromagnetic perfcrmance for higher
order radome designs. The analytical method has been described earlier, *1
In addition, experimental data ire presented to verify the accuriacy of the method,
This verification is new and significant because it evaluates the accuracy ot the
analytical method for thick radomes; in earlier work, only hall wave and thin

radomas had been utilized.

Although many variables affect radome design, the scope of this paper is
restricted, The main variables treated are trequency the ratio of wall thickness
to wavelength. the radomce's shape and dielectric constant, the size and aperture
distribution of the antenna enclosed by the radome and its orientation in the radome.
We only illustrate general properties for wide ranges oi parameters. For ex-
ample, boresight error is presented for a streamlined radome for thicknes:s rang-
ing from small values to a full wavelengih; this result shows some apprently
little-known performance penalties in the boresight error of a full wave radome.

In addition, the effects of defocussing 2 paraboloidal reflector arce evaluated for a
spherical radome, and it is shown that defocussing can increase transmittance by
compensating phase aberrations, ** In contrast, antenpa deincussing seems inap-
propriate for sireamlined radomes because incidence angles vary widely as the
antenna beam is swept {from the tip to the flatter parts of the radome. Mulii-laycr,

broadband radomes 2re not included in this paper because some ot their layers

would be extremely thin,

Millimeter and centimeter wave radomes differ also because mechanical
tolerances are more stringent for the smaller, millimeter waves, The wall thick-
ness during manufacturing must be carefully controlled because transmittance

minima occur when the thickness differs by A 1/4 from the vilue for o maximum,
¢

*Refercencers are collected at the end of the paper.

*~Defocusing was suggested to us by Dr, R, Mather in private communications;
see Refcrence 2,
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The position of an antennu is a rademe can also influence transmittance,  Arthough
such tolerances are important in practice. their Jdetailed evaluation is outside the

scope of (his paper.

2. STREAMLINED RADOME

R i A 3 P PP o Y= ¢ Ay < e ¢ or—

The boresight error and power transmittance were computed for a stream-

RaNT i

Jined vadome with length 24 trec space wavelenfths AO and diameter 11 xo_ The

A i

e,

riadome's shape was ogival and its diclectrie coustut was 5.5, The enclosed an-

4 tenne had uniform illumination. and provided symmetric ang antisymmetcic outputs
for sum and difference patterns, Calculations were made with the theory of Refer-
ence 1 by computing antenna patterns. The aperture was subdivided into i A/2

f squure grid. and a bundle of rays was traced through the radome for each pattern

angle. The ray tracing was repeated for each gimbal angle, Figure 1 shows

e

values of {ransmittance and boresight error fo1 gimbal angles 8° and 167, the

£ region of maximum error.

The results show three maxima of transmittance at zero thickness, and when
the ratio of thickness to wavelength ecrresponds to half-wave and full-wave thick-
nesses,  The aperture diameter was 16 \o. For the half~wave thickness
(1 ",\0 = 0,24, or t/?\d = 0,5) transmittance is high, and the boresignt error ranges

: from 2 to H milliradians tfor the two gimbal ungles. These errors are typical for

unitormly thick radomes, Yor the full wave thickness, transmittance is also high.

bhut the boresight error ranges from 6 to 9 milliradians,

These caleulations for a streamlined radome shape show that a secend order

radome gives high transmittance but with boresight error approximatcly twice

et et v o

that of a half wave radome. This result is understandable because the phase de-

lays of a full=wave rademece are approximately twice those of a half-wave radonme,

[ The aceuracy of the analytical method was verified by comparing computed

results with measured data.  For example, Figure 2 compares measured and
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’ computcd H-plane patterns tor e gimbal angle 0° (radome and antenna axes

f ! aligned).  Figure 3 shows boresight error for the antenna axis gimballed in the
(i : .

% ! H-plane, The radome for Figures 2 and 3 had small thickness variations to re-
P

duce boresight ¢rrors helow those of Figure 1,

3. HEMISPHERICAL RADOME

Y g e —_ T s T e

This section describes measurements and calculations for a blunt radome in
a hemisphere on a civeular cylinder.z Measured and computed farfield patierns
and boresight error ave presented for two distinet antennas, In addition, com-
' puted values of the wavefront propagated through the radome are given. These
wavelrents ave aberration functions., They are significant because they reduce
transmittance, This mechanism. which is distinet from attenuation by absorption

and refleetion, can be reduced for spherical radomes by defocusing the aperture

=)
distribution,”™ Such defocusing is practical for reflector type antennas. and it is

i useful for spherical radomes: however, it scems less useful for streamlined
radomes b..cause incidence angles vary greatly as the beam traverses the tip

region and illuminutes the flatter portions of the radome,

i &

i 3.1 Horn Antenna

The antenna was a pyramidal horn with aperture 2.2 in. by 2,7 in. The
radome had 18,3 in., outside diameter, 0.625 in. thickness, dielectric constant

approximately 4. 3. and loss iangent 0,03. Mcasurement were made at 37.5 GHz

<0 the radome was 4. 11 wavelengths thick. in terms of wavelength in the diclectric.

The thickmess is larger than necessary for most applications, but this radome wus

l available and was utilized to test the computed results, A four-wavelength thick

radome would be practical for higher frequencies, approximately 100 Gllz, !

Figure 4 shows computed E-planc patterns with and without radome. The
'E gimbal angle relative to the radome was 0°; the antenna and radome axcs were

aligned, The calculations were made by assuming that the aperture ficld was that

E7-4
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of the dominant waveguide mode and the aperture v/as subdivided by 1 mesh half
the wavelength on a side, The main feature of these patterns is the 5 dB loss at
the peak of the beam, For comparison, Figure 5 shows mceasw 2d patterns, but
at 37.5 Gllz, The trequency difference occurred because the dielectric constant
wits underestimated,  The {requeney 38 Gliz maximizes the measured transmit -
tutnee, The measured loss is also 5 dB,  Although measured und computed side-
lobe levels differ for the radome case these discrepancics are attributable to
reflections between the radome and antenna; The reflections are dropped from
the calculations. The existence ot reflections were verified by longitudinal dis-

placements of the aatenna, Pattern effects are shown in Figure 6.

3.2 Paraboloidal Reflector

The antenna was a parabolo.dal reflector with 16 in. dismcter. Its patterns

were computed for the radome described in Section 3, 1,

Reference 2 showed that transmittance was very low for the reflector an-
tenna, Transmittance was -9,6 dB, This value is much lower than the -5 B
value predicted for a flat shect and observed for the small antenna of Section 3.1,
The flat sheet calculations include ubsorption and reflection, The explanation,
given in Reference 2, is that the phasce aberration of the radome defocuses the
reflec:tcm.3 The measured value of transmittance was increased to approximately

-5 dB by refoc - ing the antenna in the radome to compensate its phase errors:

sce Reference 2.

Computcd patterns and measured patterns for the refocused antenna in the
0.625 in. radome are given in Figure 9. ‘The antenna axis is aligned with the
radome axis., Vigure 10a shows the measurcd patterns, for the antenna focuscd
in free spuce, with and without radomie. In I'igure 10b are computed patterns
where the antenna aperture distribution was refocused to compensate the radome

aberrations,
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Figure 11 shows patterns tor the antenna rotated 90° so its aperture spans

L

both the hemispherical and eylindriecal parts of the radome,

Figure 12 summarizes beam shift, The values in Figure 12 ave smalley

than those o Figure s (lor the smaller, horn antenna) beeauvsce the larger aperture

averages wavetront tlts,

- PO tvn it dia i S

The computed phase distribution of the wave propagated through the radome
is shown i Figure 13 jor a range of thicknesses, These graphs are the phase
aberrations that detocus the reflector antenna.

eI YT L
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= DEVELOPMENT AND TEST OF A 95 Gz TERRAIN IMAGING RADAR

44 by
f. Fred P, Wilcox

Goodyecar Aerospace Corporation
[ Litchfield Park, Arizonz 85340

INTRODUCTION

This paper describes Goodyear A crospace Corporation's millimeter-wave
radar system and preliminary test results. The transmitted wavelength of the radar
is approximately 3, 15 millimeters, which corresponds o a carricr frequency of

35 GHz, The radar system consists of a pencil beam antenna, narrow pulse trans-

mitter, crystal mixer supcrheterodyne receiver, and a plan-position indicator (PPI)

display.

The millimeter-wave radar offers significant advantages over longer wave-

length systems becausc relatively high resolution can be obtained with physically

small and comparatively low-cost equipment. High resolution at X-band with

present-day radar technology is obtained by using physically large antennas, pulse

§ e e e ey,

compression, znd/ot synthetic aperture techniques which lead to large, heavy,

complex systems that are expersive to manufacture. At short ranges of the order 3

o

of five miles, a real aperture millimeter-wave radar transmitting a narrow pulse
provides a high-resolution, real~timec display. Unlike an optical sensor, a high-

resolation airborne, millimeter-wave radar theoretically offers an excellent MTI

capability with the ability to operate at night and will contine to pertorm with

reduced range in inclement weather,

The carrier frequency for a millimeter-wave radar should be chosen alier

considering component availability, atmospheric attenuation, and rainfall

F1-1
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: backscatter cffects. Foul weather radar performance is directly reliated to aumo-
spheric attenuation and rain backscatter. Backscatter or rain clutter increases
the minimum noisc level, and attenuation reduces the signal level returned from

a target. Thus, the overall signal-to-noise ratio is reducead and results in reduced
detection capability,  After all these facts were considered, 95 GHz wis selected

because

1. Atmospheric attenuation becomes more severe with increasing
frequency, but windows, or low attenuation regioas, occur in

: the frequency spectrum, Orn2 window is cantered at about 95 GHz,
2. Hardwarc al 95 GHz is hecoming readily available,

3. Altrough attenuation caused by rain is more severe at 935 GHz
than at 70 GHz, this cffect is compensated for because the
backscatter from the rain is lower at 95 GHz tkan at 70 GHz,

The lower backscatter at the higher frequency can be attrihuted

to the following:

a, The volume of rain from which the signals can
reflect is proportional o /\2 for a fixed-aperture-
gize pencil beam antenna, and A for an equivalent

elevation shaped beam antenna

b, The index of refraction of water varies directly
with A, Thus, there is less mismatch at the
raindrop surface at 95 GHz than at 70 GHz and

itherefore less scatter,

The unalysis used to predict the foul weather performance of millimeter-
wave radar has teen swumarized in a Goodyear Aerospace paper entitled "Milli-

meter-Wave Weather Performance Projections, " presented at the 1974 Millimeter-

Wave Conference,
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i SYSTEM DESCRIPTION

e -

The millimeter-wave radar system can 1. broken down into three bhasic blocks:

antenna, transmitter-recelver, and display. Figure 1 is a simplificd block diagram

Ly
: L of \he millimeter radar system, The antenna is hard mounted to the transmitter-
i
P rceceiver.  Scanning is accomplished by rotating the antenna, transmitter-receiver
: package. Figures 2 and 3 arc photographs of the antenna, transmitter-receiver
.
i ] package showing how the radar is mounted on the pedestal and the microwave hard-
P i ware asscmbly, TFigure 4 is a photograph of the transmitter tube and the high~
[
; voltage pulse modulator,
§
}‘:
E System paramcicrs are summarized as follows:
i
L b
i
X Opcrational frequency 95 GHz
Display type PPl
Range resolution 10 ft (7 = 20 ns)
y 3
p - Azimuth resolution 40 ft/NMI (-6 dB) k- |
Range (maximum displayed) 8 NMI
Azimuth scan angle 360 dess
Primary power requirement 115 VAC, 3 phasc, 400 Hz, 700 watts
total.
f
The antenna is a two-foot parabolic reflector with a Cassegrain feed. A
switchable polarizer on the antenna feed provides the capubility of transmitting

cither lcft-hand circular, right-hand ¢ cular, or linear polarization. 1loth

azimuth and elevation antenna position signals are supplied to the display,  The

gain of the antenna is 62 dB, and the 3-dB beamwidth is 0, 38 degree,
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The transmitter includes t! e high-power RF tube, Ligh-power waveguidi.
components, modulator, and the necessary timing and protective circuitry. low-
voltage power supplies are common to the iransmitter-recciver. An Amperex
DX423 mugnetron, capable of gencerating 8 kW of RF power, is used as the high-
power tube. The modulator circuit is a thyratron line type with a Darlington
pulse forming network (PFNj driving the magnetron, The high voltage required to
charge the PFN is developed by a solid-state mugnetic modulator rather than a
high-voltage DC supply. This magnctic modulator reduces the requirements of the
DC power supply from approximately 2 kV down to about 250 volts. The RF pulse

width is 20 nancseconds,

The receiver contains an RF loeal oscillator, mixer, IF amplifiers, and
deteetor. A single-ended crystal mixer is used as the recewver front end, The

local oscillater is a low-power klystron,

The preamplifier-IF amplifier section has a center frequency of 335 MHz and
a passhand of 80 MHz with an overall gain of greater than 106 dB. The IF ampli-
fiera have built-in gain controls. The gain can be elentronically controlled and
provides @ 60-dR range. After amplification ut IF, the received signal is detected,

amplified, and fed to the display unit,

The display unit i.- a PPT utilizing a five-inch eathode-ray iube (CR'1).  The
image on the display is built up by scanning the antenna in both clevation and
A «muth, A camera is used to photograph the display as the antenna scans, thus

producing a photograph of the radar image.

Three display ranges are provided 1.5, 5, and 8 niles, Range mavks can be

superimposed on the display in 0. 1-mile steps throughout the entive range.  Also,

I'1-5
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a single range mark to a 0, 1-mile accuracy may be positioned on the display at

‘he desired range,
TEST RESULTS

All tests were performed at Goodyear Aerospace, Arizona Division, During
the test phasce of the program, the radar was placed atop the radar tower on
Building 13 (see Figure 5). Note that radar transmission from the roof of the
radar tower on Building 13 is blacked by Buildings 6 and 26. The palm trees,
signs, water tower, and teicphone poles surrounding the test site all cast long

radar shadows, as is apparent on the imagery,

The radar platform is only 54 feet above the ground, presenting a problem in
that the incidence angles are very shallow. Figure 6 is photographs taken from the
roof of the radar tower., These photographs have been superimposc:d on a plan view
of the plant area, Note the radar shadows cast by the various buildings surround-
ing the radar tower, Figure 6 accernts the shadow problem and shows some of the
areas with very small radar cross-section that are clearly visibie in the radar
imagery. From an elevation of 54 feet, the incidence ungle or grazing angle of the
radar beam is approximately 6 deg at 500 feet range and decreases to 0, 5 deg at

1 mile,

Figurc 7 is an aerial view, or plan position photograph, and a sample of radar
imagery made from the roof. The aerial view has the same geometrical terrain
relationships as the radar imagery, while Figure 6 illustrates the limit. 1 field of

view of an opticul sensor located at the rodar site.

Figures 8 through 11 are examples of the radar imagery made with the milli-

meter-wave radar., Imagery of the same arca made at different times was

F1-6
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compared to that of Figure 5. Some very interesting change detection ean he done
with threc radar images,  For example, close secutinization of the Goodyear
Acrospace parking lol reveals that there ave significant differences,  In Figure .
the castern boundary of the parking lot is lined by 55-pallon drums, hut in another

sample of imagery, it was noted that the drums were missing,  Figure 9 is an

enlargement of the parking lot arcas of the images and clearly reveals the
diffecrence.  Inspection of the farmiand in the northwest corner of Figure 8 and
two other samples of imagery also discloses detail differences.  Figure 10 is an
enlargement of the farmland area in the northwest corner imaged at three different
times, In the ecarliest image on the left-hand side, it can be seen that a farmer is
just starting to disk under the cotton vines in preparation for plowing, but imagery
made approximately four hours later (center) shows that about three-fourths of the
cotton plants in one field have heen disked under., The right-hand side, made nine
days later, shows that the field in the northwest corner has been plowed, leveloed,
and the dirt has been mounded in rows in preparation for raising hay. Note that
the rows of cotton were running north and south and the rows in the newly planted

hay field are running cast and west,

Figure 11 is two picces of imagery made about an hour apart, The enlarged
scctions of the imagery reveal images of three men standing in the field, In one
image, the men were standing in a triangular pattern, and in the other, they were
standing side-by-side in a straight line, Note that in one image, two cotton wagons

are parked in the ficld, and in the other image, only onc cotlon wagon is present.

The var is a 1970 Ford Comet convertible with the top down, Range from the radar

to the men was approximately 3100 feet.

Imagery demonstrating the long range capability of the radar has heen made,
With the display range set at cight nautical miles, point targets are visible out to

the edge. Power poles are visible out to a range of six miles,  The near-range
s

Lo ot P
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detail in the imagery made on tt-2 eight-mile scale is comparable to that of

Figur~ 8,

R bl
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Millimeter-wave radar can satisfy the requirement for a relatively ali~weather,
lightweight, compact, inexpensive sensor for various eperational applications,

Some hardware obstacles do exist, e.g., high-gain, shaped vertical beam antennas;

Rt o) L daniad i
i ST M P

inexpensive, long-life RI" power sources, and less expensive RF mixers are not
’

yet available, Increased interest in millimeter waves for solving tactical problems

R T il

will stimulatc component development, Reduced complexity is the key to producing

A

an inexpensive system, Millimeter waves provide a tool for obtaining high

performance with simplified equipment,

It has been demonstrated that a real aperture, short pulse millimeter-wave
radar has an excellent terrain and cultural target imaging capability even al very
! low depression angles, Although no direct quantification of the radar parameters
4 2 has been made, the iinagery results demonstrate that an obvious adequacy of the
2

parameter combination exists, In particular, cultural targets such as building

dihedral and trihedral coriers, that normaily cause receiver saturation problems
at X-band, are effectively suppressed in the millimeter-wave radar imagery.
Because of the very limited first Fresnel zone dimensions at millimeter wave-

lengths, multipath interference also appears to be virtually nonexistent at 95 Gllz,

Assuming that the altitude of the radar was 1000 feet rather than 54 feet, the

o —— T

present system would map out to 3 nautical miles. If the altitude were increased

to 2000 fecet, the range would be extended %o 3.5 nautical miles, Usiig techniques

e b

described in "Millimeter-Wave Weather Performance Projections, ' the range as

i
{
L F1-13 '




© v pneg— "srmﬁﬂ‘

-y

e ——re £ e wEr

prevm——p

S TP,

r

e

.

_

SR AR LA O] I VI TVt NN AT et 5 81w © S MvaT Y iy e e

gl e Avonas

g - AR b e AR AT LI R A S S s

a function of rainfall rate has been projected,  Figure 12 is a curve showing the
relationship of the radar range to rainfall rate. It is interesting to note that
greater than one-mile range is predieted for rainfull rates lower than 15 milli-

meters per hour,

A major impediment to operating in a forward area appears to be the lack of
eccenfidence which both the pilots and enginecrs have exhibited in the nerformance
of a self-contained airborne system {or instrument lunding, Contributing to this
reluctance is the inability of a pilot to detect potential hazards such as aircraft,
vehicles, personnel, debris, or other obstructions on a runway during a low-
visibility landing. The test results made with a millimoter-wave radar operating
on a stationary platform supply the necessary detail, but experiments must be

perf- med to determine if the necessary detail can be obtained from a moving
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Figurc 12 - Radar Range versus Rainfall Rute (1000-Ft Altitude)
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MILLIMETER MONOPULSE RADAR FOR LOW ANGLE TRACKING
by
¥rank A. Kittredge, cdward Ornstein, and Michael C. Licitra
Naval Research Laboratory
Washington, DC 20375

lﬂuroduction

It is common experience that the tracking accuracy of tracking radars
deteriorates at low elevation angle., At elevation angles of less than
tvo beamwidihs, multipoath errors become large, resultiag in incrceasing
errors and eveatual loss of trackl. A study was made tc¢ determine what
improvement might be expected if a millimeter tracking radar wer2 addced
to a convzntional tracking radarz. The study led to the design and con-
struction of a 35-GHz. monopulse radar system to be mounted on the same
precision tracking pedestal as a 9.3-Gilz monopulse tracking radar, This
system is now in operation and is capable of tracking cooperative targets
to lower elevation angles than previously possible, The results are
consistent with the theoretical predictions,

The rationale behnind the design of the millimeter monopulse system
is based on a simple relation to pattern shapes; however, other factors
such as the difference in reflection coefficients at microwave and at
misiimeter waves which can be significant and helpful. Given that mono-
pulre radars are subject to increasing errors as the elevation angle
becomes less than two beamwidths, it follows that if the bean is nade
very narrow the elevation angle for accurate tracking could be reduced
a proportional amount., There arc at least two obvious ways Tto narrow

the beamwidth of a radar; increase thec aperture, or raisc the radiated

1. D, K. Barton, "Radar System Analysis,'
2, F. H, Thompson and ¥, A, Kitiredge, "A Study of the Feasibility of

Using 356 Hz ond/or 94 GHz as a Means of Improving Lov Angle Tracking
Capability,” NRL Memo Report 2249 (AD-725108), May 1971,
UNCLASSIFIED
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irequency. A simple calculation will show that to achiceve a 6.2 beanm-
vidth at € band requires an aperture in cexcess ol S0 feet, for X baand an

apoerturce approaching 40 fecet, and for Ka band an aperture of 10 feet.

We, therefore, chose to raise the frequency and mainiain a reasonable

aperture, The 35-GHz frequency was chosen because of the availability
i of commercially-avallable components and becausce the atmospheric losses
at this frequency arc much less than at any other portion of the milli-
neter band, A study of the literature indicated that we should expect
attenuation ¢ .15 dB/Km for fair weather and an attenuation of 0.62
dB/Km foy 2 ht rain of 4 mm/hr. Higher rain rates, particularly

local thunderstorms, would cause much higher losses,

Systen

The experimental high-angular resolutioln monopulse system consists
of a conventional X-band nonopulse tracker combined with a narrow-bean:
Ka-band tracker on a single FPS~16 type precision tracking pedestal
(Fig. 1). In an operational conriguration it is anticipaied that the
two trackers would use a combined feed with a common antenna, The X-band
monopulse tracking radar has a 7-foot dish with a beamwidth of 10, and

the Ka-band monopulse tracking radar has a 10~-foot dish with a beamwidth

« s ——

of 0.2C wranted on an FPQ-4 precision tracking pedestal (Fig. 1). The
X-band antenna is mounted above the Ka—band antenna as seen in Fig, 1.
A boresite TV camera with a 6-inch f/8 lens is mounted on the eclevation
axis for observing closed-loop tracking performance. The receiver "front
ends' are mounted at the output of the monopulsc feed circuitry at the
back of their respective an.z2nnas and consist of local oscillators,
balanced mixers, and preamplifiers. The Kﬂ-band magnetron and modulator
arce also located on the antenna pedestal to reduce transmission losses,
The millimeter waveguide is pressurized with 15 psig of Freon 12 to pre-
vent voltage breakdown at the operating peak power of 130 kW. The
remainder of each system with the operating console is located in a
room directly below the pedestal,

The operating console (Fig, 2) contalins the range trackers and

indicators for both systems, a digital angulur readout in both elevation

UNCLASSIFIED
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and azimuth, and a boresite TV presentation that can be recorded with a
synchronized 16-mm camera., The console also contains a provision to
initiate tracking in either system independcnily or a system hybrid in
which one radar controls one axis and the other radar controles the other
axis. It 1s also possible to track one axis only by either radar with
the remaining axis on manual control. The range gates for each rader

arc independent with a digital readout in X band only., Typically, the
X-baud system is the primary trackar, and the closed-loop tracking function
1s switched over to the Ka-band system in the heavy clutter and multipath
regions or in multi-target situations, Other situations could requirec
difterent modes of operation.

Figure 3 gives the basic parameters of each system.

X~band Ka-band
Frequency 9.3 GHz 35 GHz
Peak Power 50 kW 130 kw
Beamwidth 1.0° 0.2°
Noise Figure 13 dB 10 dB
Pulsc Length 0.25 psec 0.25 psec
PRF 1 KHz 1 KHa

Figure 3

A basic block diagram of the system (Fig. 4) shows the major components

and method of switching between systems.

Resul ts

The date presented here ave initial results, The data are insuf-
ficient for gquantitative comparison but readily demonstrate the tracking
improvement qualitatively.

A graphic presentation of what we expect to accomplish with the
narrow millimeter beam is shown in Fig, 5, in which the radar is now able
to track a low-altitude target without excessive clutter. The same narrow

boam also reduces multipath reflection, as shown in Fig. 6.
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The tracking runs from which the data for this paper were derived
were done with an 5-2D as the cooperative target, The runs were radial
except ftor the drift caused by cross winds. The flights were kept over
water to minimze changes in reflectivity and for casc in altitude con-
trol. The elcevation crror sigrals from cach radar were takeun from
amplificd monopulsc angle error detector outputs which are used as
inputs to the pedestal servo system.  These signals were recorded on a
Z2-channcl recorder, one cvlevation ecror signal on cach channel. However,
the 2--channel recording on the next two figurcs 1s a composit: of identical
runs in whrch cach radar i1u clos:d-loop tracking independently so that
the recorded error signal is for that particular system in a closed-loop
tracking condition. Yigure 7 shows the error output from the elcvation
channels when either the X- or the Ka—band radar is tracking at an air-
ciraft alivituwde of 1,000 feet, This is used as a reference run above the
multipath region, This figure covers a range segment of approximately
2,000 yards at a total range of about 10,000 yards. As expected, there
appear Lo be no muitipath components in these tracks. A small 2l-cycle
oscillatory component evident in all these recordings was traced to a
low frequency resonance in the elevation axis. However, a corrective
filter network has since helped reduce this effect. From simple geonmetry
and antenna puttern information, a strong multipath condition would be
expected at X band, but negligible multipath at Ka band when the aircraft
is at about 200 feet altitude. The traces in Figure 8 show this effect
on a 200-foot altitude target. T1 - upper trace is for the X-band radar
operatiig closed-loop, and the lower tracce is for the Kn—bund radar
operating closed-loop. Ine ranges are again 8,000 to 10,000 yards. The
X~-band multipath 1s producing very large error signuls as large as 3 1.8
miliiradians, A very smitll multipata component is occasionally visible
superimposed on the K“—bund signal.

A much clearer demonstratiop of the rceduction in multipath by Ka—
radar is contained in a short section of boresite fiim, This [ilm was
made during the same day that Figures 7 and 8 were derived, bul not the
same run., Yor these runs, the aircraft flew at 150 feet altitude for

the X-bana !rack segment and at an even lower altitude of 100 fecet for

UNCLASSIFIED
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the Ka-band track segrent, For the X~band segment, first scction of
film, the muitipath error builds up as the range increasces, until the
radar loses track, On the second section, the X~-band radar starts
track with increasirg multipath errors to a range of 13,000 yards; at
this range the system is switched to the Ka~band radar with a stroig
reduction in tracking error and continues tracking to 30,000 yards.

I should liko to emphasize that these are preliminary results with
this system, We expect (o be able to improve overall pedestal noisc anid
radar noise figure values. As another point oi intcrest, our observa-
tions to date lead us to believe that the radar cross scction for this
particular aircraft is substantually greater at Ka band than at X band
and the reflection coefficient signitficantly low at ha bard for the
somewhat choppy sea conditions. We hope to determinc this after

improving the system.
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F AN EXPERIMENTAL MILLIMETER MONOPULSE
. " TRACK RADAR
i F s K. L. Koester, Dr. L. H. Kosowsky, & J. F. Sparacio
{ Norden Division
% United Aircraft Corporaticn

Norwalk, Connecticut (06856
INTRODUCTION

The need to satisfy nigh accuracy sensing requirements
for obstacle avcoidance, low angle track, and munltitarget

¢ resolution has led to consideration of radar operation in
! the millimeter wavelength region of the RF spectrum. Of

particular interest to the radar designer are the inherent
advantages that millimeter wave radar systems offer in the

area of high accuracy target tracking in a clutter environment.

among the advantages of a millimeter radar system are improvements

B s s S A

in target resolution, velocity sensitivity, and accuracy.
The iracking of complex targets at millimeuer wavelengths
requires a detailed knowledyge of the glint characteristics
of the objec. as well as the clutter environment in which
it may be immersed. The glint signature of an object is

a function of its shape, aspect angle, scatte.ing centers,

TR e I
R R et O S C

and material composition. Each of these factors is wavelength

dependent and contributes to the magnitude and statistical
variation of angular glint. Extrapolation of available
data at lower frecuencies has not proved reliable in the

case of am~! _..de - _.istics and has necessitated the develiopment
of measuring equipment to obtain experimental data.

i s il

Norden has been engaged in the research and development
i of millimeter radar systems ror more than eight years. As

part cf this work, t'::- propagation characteristics of millimeter

wave energy have been determined, target and clutter signatures i
have been measured at 70 GHz, and the effect of weather and i

clutter on system performance have been examined in detail.
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| During the last year, Norden has developed a microwave

' system for a four-lobe amplitude moncpulse track radar operating
at 70 GHz. The antenna/receiver subsystem was designed for

a static tracking accuracy of better than 1.0 milliradian

and achieved an accuracy of better than 0.7 milliradian.

™ YTy

The experimental system is described in detail and results

{ of system tests including the measured error curve are presented
Performance of the system in clear air and adverse weathar

|- is analyzed.

THE TRACK I’ROBLEM

Approach

Many military situa—-ions require accurate tracking
: of a relatively small target in close proximity to a large,
E competitive clutter area. Solutions have proceeded along

a number of differei.t paths:
i a. Clutter suppression by statistical data processing
(e.g. MTI)
b. Coherent techniques (e.g. pulse compression and
E synthetic aperture)

?’ | c. Narrow beam, high resolution antiennas

Of the techniques listed, the direct generation of

narrow beams by multiwavelength apertures provides the simplest
approach to resoclving small targets in the presence of clutter. %
In order to utilize reasonable size antennas, the designer
is forced to high Irequencies of operation. The following
sections examine the nature of tracking in the millimeter
: wavelength region of the RF spectrum. Propagation limits
% that exist in the millimeter band are discussed. Lastly,

an experimental monopulse radar operating at 70 GHz is described
together with pertinent data describing its parameters and

operating characteristics.
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Monopulsge Concepts

LA
8-

As defined by Rhodes', "Monopulse is a concept of
precision direction finding of a pulsed source of radiation.
L | The direction of the pulsed sourc2...is determined by comparing
the signals received on two or more antenna patterns simultaneously."”
This paper deals with an amplitude comparison monopulse system,
in which the microwave signals received from two squinted
antenna patterns are combined to obtain simul taneously, both

———

the sum and difference signals. Figure 1 shows the feed/compar-
 § ator for a single plane monopulse antenna. (The Norden system
: which will be described is a four-lobe monopulse which provides
difference signals in both azimuth and elevation.

In a single channel configuration, the sum pattern
A3 is used for transmission, while both the sum and difference
patterns are used for reception. The magnitude of the dif-
ference signal provides information on the magnitude of the

. ———— SIM SIGNAL

i HYBRID
1)

DIFFERENCE
ANTENNA FEEDS SIGHAL

SUM PATTERN DIFFERENCL PATTERN

§ e eem i, 2ottt e 27

Figure 1. Functional Block Diagram of Amplitude
Comparison Mcnopulse Antenna
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angle-off-boresight. The sum signal provides range information
and is used as the reference to determine the sense of the
angle-off~boresight. The sum and difference signals are amplified
scparately and combined in a phase sensitive detector to
produce the sensor error signal.

Of primary concern to the designer of a monopulse
radar is the ability of the radar to track a target with
a high degree of sensitivity and to discriminate against
scatterers in the vicinity of the target. Both of these
conditions are optimized with narrow, highly directional
antenna beams. The generation ¢f narrow beams with confined
apertures requifas operation at high frequencies consistent
with component availability, noise considerations, and propagation
restraints.

Angular Glint

The instantancous radar signature of complex targets
1s influerced by such factors as contour shape, aspect angle,
and nunber cf scattering centers. LAll of these characteristics
are w.avelength dependent and result in angle noise or target
glint. Tn addition, the motion of these scattering centers
causes interference patterns tnat impart a time variation
to the radar slignature, which is also directly related to
the incident fraquency. Thus, as frequency is increased,
the glint can be =2xpectea to both change its probability
density function and broaden ite power spectral density.

To minimize the effect of angular glint, most lower
frequency systems utilize frequency agility" to achieve rapiad
decorrelation. Although this technique is very effective,
it increases the cost and complexity of the radar .ystem,

As noted previously, because of the naturally occurring inter-
ferences due to target relative motion or change in espect
angle, rapld decorrelation can bLe realized by employing milli-
meter wavelengths at constant frequency. A detailed discussion
of glint as a function of operating frequency is beyond the
scope of this paper,

F3-4
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DESIGN CONSIDERATIONS

PR

.

Frequency Considerations

The primary considerations in the selection of frequency

- e T ey
o

relate to antenna size, transmission properties of the atmosphere,
4 and the state of component technology. Since radar systems

must be designed tc operate under adverse weather conditions,

such as rain, fog, and cloud cover, cluse examiniation must

be made of attenuation and backscatter in these media, as

a function of radar wavelength.

s ik

From an installation point of view, selection of a
high frequency would be advantageous in reducing antenna
swept volume, with a corresponding reducticn in radome size
and the attendant structural, cost, and weight problems.
Since swept volume varies approximately as the cube of the

antenna size, any reduction in antenna size would prove quite

D TP BITIT Y S L ¢ THTE SO

beneficial. An increase in frequency to achieve this benefit,
however, must be weighed against possible deleterious effects

of propagation in adverse weather.

Propagation

[ Most military applications require track radars to

operate under adverse weather conditions such as rain, foq,

and cloud cover. The attenuation and backscatter coefficients

of the millimeter frequencies (35, 70, and 94 GHz) are summarized
¢ in the following paragraphs.

e e ——

-~

Clear Air
The attenuation of millimeter enerqgy in clear air
has been analyzed in the literature’. Further investigations

have been ccnducted by Norden®. Clear air attenuation coefficients

for millimeter frequencies of interest are shown in Table 1.




Table 1. Clear Air Attenuation Coefficient

Frequency New Band 0ld Band Attenuation
GHz Designation Designation Coefficient
dB/km
35 K Ky 0.18
70 M v 0.41
94 M W 0.24
Rain

The rerformance of a radar operating in rain s degraded
by the absorption and scattering of tie energy by the raindrops.

For analysis purposes,

the attenuation coefficient for light

and heavy rain is given in Table 2 for the three millimeter
frequencies or interest“®®,

Table 2. Rain Attenuation and Backscatter Coefficient
I.ight Rain Heavy Rain
(1 mm/hr) (16 mm/hr)
Freguency [
GHz Attenuation| Backscatter Attenuation Backsgatter
(3B/km) (cm?/m?) (dB/km) (cm?®/m?)
35 0.24 0.21 1.0 4.9
70 0.73 0.72 6.9 4.1
94 0.95 0.89 7o 3.9

In addition to the attenuaticn, the enerqy reflected

back to the radar is o:f

noise to the system.

is not well known."

As can be seen,

The backscatter coefficients
presented in Table 2 “™°.

in the 70 and 94 3Hz

interest since it contributes additional

are also

Forward scattering is substantial

region but its effect on system performance

the backscatter cross section per

unit volume of heavy rain is comparable for 70 GHz and 94
GHz radars and is actually less than for 35 GHz systems.

Thus, a 70 or 94 GHz radar operating in heavy rain would

F3-6
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have less rain clutter than a 35 GHz system with the same
aperture, A 94 GHz system would have slightly less rain
backscatter than a 7U GHz system at the heaviest rain rates,
but the attenuation at 94 GHz is greater than at 70 GHz,

Fog and Clouds

The attenuation ccefficient for millimeter propagaticn
in fog and clouds has been investigated in detail ""®, It has
been shown that the attenuation is linearly dependent on the
liguid water content of the fog. 1In addition, there is a signifi-
cant temperature dependence. The attenuation co

e
1g oiven in Table 3 for a liquid water content of 0.1

vl
3

corresponding to an optical visibility of 120 meters for

a radiation fog and 300 meters in advection fog.

Table 3. Attenuation Coeificient of Fog

Liquid Water Content - 0.1 g/m’

o X T
Frequency Attenuation Coetfticient
GHz dR/km )
~o0°C 40°C 3
35 0.11 0.034 :
70 0.36 0.133 : 4
3
94 0.47 0.22 :
L i i
The backscaotier coefficient of fog in the millimeter k

radar band is more than two orders of magnitude smaller than
that of rain" and, therefore, has a negligible effact on

radar system performance.

Frequency Selection

T SR - S R

The theoretical analysis and experimental work veriormed
by Norden hes demonstrated that millimeter radar systems

will provide adequate adverse weather performance.

F3-7
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During the course of Norxden's internally funded programs,
a careful comparxrison was made ofi cost and availability of
cemponents at both 70 and 94 GHz. Greater availability and

T SCRPEETTIRY L RTITY O SR [Te R e e

lower cost of components led to the choice of 70 GHz as a .
representative fregquency for experimental work in the millimeter k
band. The work ac 70 GHz is compatible with 94 GHz requirements :

permitting design anywhere within the baad.

MONOPULSE RADAR SYSTEM DESCRIPTICN

Norden has develioped an antenna/receiver package for
a four-lobe amplitude monopulse radar operating at 70 GHz.

ST 4 TR AR, | MEL MRS SIS P Ww

A similified data processing unit has also been developed.
Figure 2 1s a block diagram cf the system,

-y P —————
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Figure 2. Monopulse Antenna/Receiver Block Diagram
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Antenna
P The antenna is an 18-inch parabola with an £/l ratio
hid of 0.67. The flatness of the parabolic anternna offers immunity
to coupling caused by cross polarized energy®. Cross talk
between the sum and difference channels is cn the order of
-30 dB. Thec microwave comparator and four-horn feed are constructed
as an irtegral unit to minimize precomparator phase shift.

A manual polarization selection capability allows the chcice

of either vertical or horizontal polarization depending on
antenna orientation.

3 Sun. channel gain at the comparator is 47.2 dB. The

3 radiation pattern is a pencil beam with a 3~-dB beanwidua

] of 0.66 degree and first sidelobe levels of about -20 dB

3 with resvect to the sum peak. Figure 3a shows the H-plane

sum pattern, and Figure 3b shows the H-plare difference pattern.
The null depth of the difference pattern is -32 dB. The

4 four lobe antenna was designed for use between 69 and 71

GHz and meets its performance specifications over this region.

Figure 4 shows the monopulse antenna and support structure.

Microwave
The microwave package incorporates specially designed

waveguide assemblies to minimize insertion loss. Losses

for the difference channels are on the order of 1.55 dB cach

while the sum channel loss is about 2.5 dB. Duplexing is
provided by a dual TR duplexer having 0.02 crg spike leakage
and 1.5 us recovery time. Translation to IF is accomplished
by mixer/preamplifiecr assemblies using Schottky Barrier

dicdes .n a balanced mixer configuration. The units provide

L 10 A A g S T S

25 dB minimum gain (RF to Il) with a noise figure of 10 dB

and a 20 MHz bandwidth centered at 60 MHz, resulting in a
receiver sensitivity of‘about ~-87 dBm, The sensitive Schottky
crystals are protected by a switchable ferrite atitenuator
inserted before the mixer in cach channel.




] b obidade ol

s i v R S - Ry
...I.T T - ~ - i
ST et TR S S ] ]
e B - S U RELES

MICROWAVE
COMPARATOR

R P SR WOOR SRR R .

YT - - 1-=

- 4+— - - - 4 - k-
e SBE Skl ul o i

H-Plane
Difference
Pattern

FEED

FOUR-LIRE

1
.
1
|
1
“
i
i
R
|
1
ORIV RP B

Figure 3b.

= I SR |
-— . e P .
R 1 ¢ ‘ .
- W B w r . ‘ :
[ SR . o ; i
t o 4 ~ + H : 1
— 1 .. * A Ty o .- I . H A
SRR : PE P
S S b D
B N . . + ) .
+ T T — g sy

R

H-Plane Sum
Pattern

BRI S R

Figure 3a.

S N T

P V0P S LSt

SEeSEg AR T N

1
L
j
i

Norden Millimeter Monopulse Antenna
F3-10

Figure 4.

L ! " REPoR - : : atinid dader e L eceanne
L b andnnd i P~ i & o JRPDUVURRI + ¥ 5 S,



r:‘ M s U e e e

|

1

T

TR RN TR TN TR W T e ey

- N

An IMPATT diode oscillator is used as the system local
oscillator. A veltage~controlled current source drives the
IMPATT which, used in conjunction with an AFC module, mainteins
the IF within 1 MHz of the center frequency. Sum and difference

microwave channels are shown in Figures 5 and 6 respectively.

Receiver

Amplitude monopulse information contained in the IF
signals is converted to phase information by the Monopulse
IF (MIF) Processor and phase detected to determine the angle-
off-boresight in each difference channel. The sum channel
signal 1is split with one outpvt acting as a reference for
the phase detector and the other output processed through
a log amplifier for information and display purposes. The
overall receiver dynamic range is 68 dB.

The angle-error output voltages of the MIF Processor
are a function of the phase difference between the sum and
difference channel signals and range from zero volts for
the on-boresight condition to a maximum value of about 100
mV. The polarity or sense of the error signal depends cn
the location of the target with respect to the antenna boresiaght
axis. For targets below or to the left of the axis, the
sense 1s positive. ¥or targets above or to the right of
the axis, the sense is negat.ve.

Of particular interest is the slope of the angle-errov
curve, especially in the linear region around boresight, since
it is this signal that will ultimately provide the control
signals for the servo system. For the millimeter track radar,
the slope (or scale factor) at the output of the MIF Processor

is 30 mV/mR in the linear region.

F3-11




P A s

R.E. PULSE
GETECTOR s T e

LEVIL SET
ATT{KUATOR

"KEEP-ALIVE "

¥t
POWER SUPPLY o 2

b0 MILER

CRYSTAL
PROTECTOR~

P Lie i
P2y 18 - Lk ATTENGETUR

Figure 5. Sum Channel Microwave

Al HisER/1P L AME [ Pred T . el

S ' LU MIZERJFRE -AMD
vENTECTOR TR SO e 1 “HOTEC TR

Figure 6. Difference Channel Microwave

F3-12



YN AT R LTI AR Pt g Pl N e e st SR A e P b e s B o e S U bR L Lo et e L S A L

RGIR ZANTAGTE R © ey e @A ATD i alevs WA satem e o e . a e .. - - S EEETR
| ¥
E-
)
3 3 ERROR
; STGNAL
P {my)
-+ |“
! hd . n
) L
; ] "
1 ]
s
3 1
., »
: n
4 "
P2y o408 618 9w
'RERREREEREER
R LEFT 9 mR RIGKT
Ct -201
Ok -
-40 1
A -5+
.“-
3 RIE
- @
3 E 0l
! % 1 ®
; 100
{
]
H

Figure 7. MIF Processor Azimuth Ec¢vor Ouiput

Figure 7 is a plot of the angle errcr curve as measured
at the output of the MIF Processor for the azimuth channel.

The error curve for the elevation channel is essentially
the same.

Data Processing Unit

A Data Processing Unit (DPU)} provides the essential
circuitry needed to process the A/R signals. Circuits contained
in the DPU include the timing and range gate generators,
angle~error boxcars, the range tracking mocdule, and the MIF
' and AFC modules.

Trangmitter Modulator

s s an

The Transmitter/Modulator uses a conventional line

type thyratron modulator and current pulse regulator to producc

F3-13
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a stable 100 nanosecond pulse. The magnetron provides 10

kW peak power at a 0.0004 duty cycle. A ferrite isolator
prevents magnetron pulling due to load VSWR. A pressurization
unit provides 31 psia of dry air pressure to prevent arcing

in the wavequide and pulse transformer housing.

Static Tracking Accuracy

Static accuracy of the system is the amount of error
measured at the output of the MIF Processor. It was found
to be 0.56 mR in azimuth and 0.64 mR in elevation.

This error is broken down into its contributing portions
(RF, IF, anrd Video) as follows:

RF TP Video
Azimuth 0.29 mR 0.11 nr 0.16 mR
Elevation 0.34 mR 0.17 mR 0.13 mR

Box error for the Antenna/Receiver alone is the error
measured at the input to the MIF. This error is 0.4 mR in

azimuth and 0.51 mR in elevation.

System Performance Calculations

The Norden Millimeter Track Radar will undergo a series
of evaluation tests at the Norden facility in the near future.
One means of comparing its performance with that of other
systems 1s to predict its performance against a standard
target. Using the system parameters, range calrulations
were performed for a 1 square meter target in clear air and
adverse weather conditions. The following assumptions were
made:

Probability of Detection = 90%
Probability of False Alarm = 10°'?
Intecration Improvement = 10 dB




Jebadiciatt

T TNNT I TR oD W e aeih i S s — A r—— s s

7
-k Table 4 summarizes the results of the calculations.
¥ . The range varies from 9.6 kilometers in clear air to 4.1
| : kilcmeters in moderate rain conditlons.
!
4 Table 4. Millimeter Track Radar Per:lormance
o Against a One Square Meter Target
N
E WEATHER ATTENUATION MAX. DETECTION
CONDITION COEFFICIENT RANGE
: (dB/Xm) (Km)
i B
u Ciear Air 0.41 9.6 :
vrizzle {(0.25 mm/hr) 0.63* 8.2
, Light Fog (120 m visibility) 0.69* 8.0
Moderate Rain (4 mm/hr) 2.71* 4.1

*Includes 0.41 4dB/Fm clear air attenuation

SN TR TR T

CONCLUSIONS

Design considerations for a millimeter monopulse radar
have been analyzed and indicate that high accuracy, adverse
weather performance can be achieved in the millimeter band.

An experimental 70 GHz monopulse system was described and

experimental data presented. It was shown that the system

milliradian objective.
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is capable of static tracking accuracy better than the 1.0
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; b "'100 GHz DIAGNOSTIC IMAGING TECHNIQUES'
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Maynard H, Dawson and Floyd F. Rechlin
DARE Technology, Inc.
San Diego, California 92120

FOREWORD

PRPUPESE SN

This presentation covers the development and application of a 100 Ghz

et e s v Ty i e e

RCS measurement and diagnostic imaging facility under U.S. Army Contract No,

DAAK02-70-C-0240 and, at present, Contract No., DAAK(Q2-72-C-04h4]. The sponsor-
ing organization for this project was the U.,S. Arny Mobility Equipment Re-
o search and Development Center (USAMERDC), Fort Belvoir, Virginia 22060,

DISCUSSION

The configuration of any functional, man-made target is invariably made

up of a large number of protuberances, dihedrals, and corner reflectors that,
when illuminated by radar, coilectively create its detectable total return,

commonly referred to as its radar cross-section (RCS), These same individual

S et 0.

centers also create a distinguishable pattern or microwave iinage that can be

o\ e e = o = e

recognized by advanced, higr resolution radar. As a result, it is imperative
for miiitary applications that these critical reflective elements be jaenti-

fied, measured, and corrective actions initiated to alter or mask such a

characleristic radar signatures.
Such data has usually been obtained to this point by measuring the gross ‘
return from full scale vehicles; this inherently involved the problems of i

posi tioning awkwardly large vehicles con turntables or pylons, obtaining only

Fhal '
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DARE Technology

rudimentary data for only a restricted number of possible surveillance

i angles, and trying to tolerate the uncontrollable downtimes and variations
in measurements that are always typified in outdoor tests, Such inherent
disadvantages in full scale testing influenced the U.S. Army to develop tne
subject indoor microwave modeling facility, wherein complete control can be
mai ntained over all test conditions and full advantage taken of the flexi-
bility of handling and treatment with lightweight models. In this effort,
100 GHz was selected as sufficiently high enough a frequency to permit the

study of easily handleable models scaled up to K, - band.

Basic to this development was the requirement for a capability to Ffirst
record and quantitatively measure a weapon system's total refiectivity or
RCS pattern at all azimuth settings and any practical surveillance angle,
so that its attitudes of critical return could bLe identified. The facility
configuration designed to accomplish this task can Ge seen in the first
viewgraph accompanying this paper; this configuration is referred to s the

monostatic mode.

In this mode, the microwave illumination from the depicted transmitter
horn is directed toward a "half-silvered" (in reality, a half-reflective)
mirror, Part of this radiation passes directly through this element and is
absorbed by the RAM located directly opposite the transmitter; the remainder
is reflucted at 90 degrees toward the study object, then reradiated back
from the target area to the receiver, where it can be processed and recorded

on an X-Y plotter as a function of total RCS return versus azimuth setting,

Mention should be made of the design consideration behind the right-
angle configuration, with separate transmitter and receiver horns and a half-
silvered mirror, which was selected for this facility. This, at first,
might appear complicated when compared to the more conventional monostatic
range arrangement which uses the same horn for direct transmission anu re-
ception along the same axis without a mirror, In practice, however, the

right-angle arrangement actually results in a much more :fficient and

easily adjustable system and, most important, the very delicate and easily
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’ disturbed adjustments normally required to isoiate exact return levels are
eliminated by the spacial separation of the receiver from the high field

strangths produced around the transmitter.

The recessary differentiation between target return and the indoour back-

ground 1is accomplished by mechanically oscillating the test object and its

g v o T

mount in the direction of the incident radiation at a frequency tihat is con-
tinucusly variable from zero to two-thirds cycles per second. The returr

from the target is then mixed with another signal of fixed path length;

R e

& these beat with each other, as in a Doppler radar system, with the amplitude

PP

of the beats measuring the amplitude of the reflection,

i The synthetic ground plane on which the target is mounted is completely

metallice In its center is a turntable which allows the target to be ro-

tated through 360°; the resulting continuous azimuthal readout drives the
X-axis of a conventional X-Y recorder, with the Y-axis being the RCS return.
Further, for full hemispherical analyses, the supporting mount of the ground
plane and target can be easily reconfigured to provide data for any pre-

selected elevation angle of interest,

To repeat, the above monostatic mode for this facility has been cesigned
to provide quantitative data on the RCS of target models at all azimuth set-

tings and at preselected angles of surveillance, Once such data has been

obtained, this facility is configured into the diagnostic imaging mode shown
in the second accompanying viewgraph. Here, it can be seen that the same

major components aire still employed, ~ith two additions to provide the re-

guired imaging capability, i.e., a focusing microwave lens and the mechanisms

wnich can precisely displace the target and mount in both the longitudinal

!
i
i
1

and lateral directions,

As noted by the arrows in this sketch, the energy “rom the transmitter

is still reflected from the half-silvered mirror to the study object; in the

DY S

imaging mode, however, the return from the target then passes through the

focusing lens to the receiver system. This lens provides a resolution of

Flyly
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NARE Technology

1/2", whict. for & 10th scaie subject model, would be equivalent to a 5"

full scale resolution at X-band, In operation, the target is initially
focused through the lens by being remoteiy dispiaced via the depicted long-
itudinal movement mechanish. T[he resulting image field in focus ut the
receiver can then be directionaily scanned, either manually or automatically,
Ly programming the lens to move up and down the height of the field ard then
incrementally displacing the target laterally at the end of each such verti-
cal traverse., In this manner, the total field can be progressively scanned

to provide a two-dimensional probe of all critical imagery.

As inaicated in the third viewgraph, three e{fectivz readout systems
have been installed to aid in the diagnosis of the resulting imagery. First, a
graphical method is generally emplcyed in the monostatic mode where the
processed Doppler signal foirms the Y-input to an X«Y recorder; this, along
with the associated azimuthal information from “he turntable to the X-input
of the recorder, results in a complete RCS plov of the target's total re-
flectivity over 360° of rotation., This same Y-input of the processed Doppler
signal to the recorder can also be used in the diagnostic imaging mode to
provide quantitetive data on that portion of the target which is in the

exact focus of the lens,

The second (audio) readout system, provides an excellent means for
imnediately identifying critical "flare spots' encountered during the pro-
gressive scanning of the focused field., Here, any such individual points
of nigh reflectivity are automatically manifested by a noticcable gain in

the volume of a continuous background signal of approximateiy 3 khz,

As stated earlier, the locatica, pattern, and levels of all such indivie
dual contributors to return constitute a specific "signature' of a weapon
system which can be identified by a sophisticated threat radar, 8ecause of
the criticality of such composite imagery, therefore, = third readout system
has also peen installed which provides a visual raster display of the scanned
imagery on the depicted TV monitor, With this optical readeut system, each

] resolved point of iarge return encountered during a sequential field probe

Fh-6
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DARE Technology

is stored on the tube of a special Scan Conversion Memory (SCM) unit, from

wnich they can be read on a real-time or as-required besis on the TV monitor,
Further, the optical picture ov the target from the indicated ciosed circuit
TV camera can be superimposed on the video presentstion of the radar imagery,

sc that each critical element can be immadiately identified in its physical
relat’onship to the target.

<y, A T e ARy R T RO I Y LAl

% An overall view of this facility is provided in the fourth vizawgraph,

§ Here, it can be seen that all of the electronics and conirols are located

% on three work tables arranged in the form of a loose 'Z'"', wiilh the video

3 . readout apparatus located at the far left, the major operational and receiver
é equipment at the center, and the

transmission system at the right, Gther

feaiures in this photograph are the ground plane in the right background, upon
which an operator is adjusting a study model, and the half-silvered mirror and
] frame. At the time this photograph was being taken, a video picturc of the
target was about to be recorded; thus, the microwave lens has been manuaily
lifted above the field of view and the closed circuit TV camera centerad in

the picture moved into place along the viewing axis from the receiver horn to
; the target,

One unclassified example of the diagnostic imagery obtainable with this

SRS, has

i00 GHz facility for a 10th scale model of the Army's M-113 APC is presented

in the fifth viewgraph; using this linear scaling technique, the depicted return

pattern corresponds to that from the full scale vehicle illuminated by an oper-

ational X-bend radar. 1t should also be pointed out that all three of these

pliotographs are closeups of the TV picture, wirich tends to veauce the optical

[P GO R P

cicoalys In this viewgraph, the recorded microwave pattern of the model can

be seen in the upper right hand corner, the optical view from the closed circuit
TV camera is

va the opposite side, and the superimposed combination of these ?
- - . i
two views is in the lower left hond corner; through the use of the latter com- :

posite presentation, the physical location of ail critical elements is apparent,

Particular attention is invited to the "splash’ shown in the ground plane

directiy in front of this modei. This type of physical intersction, which.is

Flu-8 i
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DAFE Technology

seldom identifiable an a full scale range, can be the subject of detailed

analysis due to the 1/2'" resolution of this 100 GHz system, The criticality of

such microwave behaviur can be noted in the photographs of the sixth viewgraph.

Here, the same model v:as imaged both on the metallic ground plane and after

the latter was covered with radar-absorbing material. An electronic processing

system is currently being installed which will allow the imagery from these

T

extremes in return to be factored by the measured refiectivity coefficient of

Lo las

4 any natural terrein, thies permitting valid recl-life interaction studies,

It is obvious that the resulting comiined capabilities of detail reso-

b lution, freguency scaling, and natural reflectivity duplication causes this

100 GHz facility to be an excellent laboratory tool for realistically diagnosing
microwave interactions, in detail, of any irradiated configuration, 2ither man-

made or natural. To illustrate, the return levels and precise distribution

from various simulations of terrains and sea states can be systematically and
| quantitatively investigated; recently completed studies of such natural phe-
nomena demonstrated that the results obtainable at this 100 GHz frequency are

directly comparable with those for the Tull scale situation,

B T e e G e o]
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MILLIMETER WAVE PASSIVE SENSING FROM SATELLITES

by
Herbert G. Pascalar

b Aerojet ElectroSystems Company
1100 W. Hollyvale Street
Azusa, California 91702
INTRODUCTION
The potential for applications to meteorology and geophysics of
%‘ satellite-based millimeter wave radiometric (i. e., passive) sensing of
3 thermal radiation emitted by the atmosphere and froin the earth's surface
; 1 was recognized in the early 1960's 1 . Millimeter wave technolopy
i advances since that time have led to the development of satellite-borne
imaging systems. An example of a global radiometer map produced by a
f
19.3%-GHz electronically scanned radiometer on the Nimbus E meteoro-
logical satellite is shown in Figure 1. The intense, essentially black body,
E radiation from land surfaces is seen to be essentially unobscured by cloud
* cover. As a result of the low radiation from water surfaces, regions of
: : high atmospheric water content and cloud precipitation are clearly
v . observed over the oceans.
}
k This paper summarizes the applications and technology for
satellite-based radiometric sensors.
¥
? Background ~
¥
: ]
A brief chronology of events in the last decade serves to illustrate ]

- the development of millimeter wave sensor technology for meteorological
satellite applications. One of the first was oriented to a requirement for

(2)

synoptic mapping of cloud precipitation over oceans As a consequence
of their intense millimeter wave emission, cloud precipitation cells were

expected to offer strong contrasts relative to the cool radiation background

of water svrfaces. These contrasts offered the possibility of mapping the
rain cloud distribution with an imaging type millimeter wave sensor.
Operational reguirements for imaging and considerations of spacecraft

attitude stabilization indicated the need for an inertialess electronically
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scanned antenna. Although operation at frequencies in the 30 to 40 GHzx
region offered improved spatial resolution, millimeter wave technology

limitations in 1965 restricted the choice of sensor frequency to 20 GHz

or less. The availability of a clear radio-astronomy channel resulted in
the final choice of a 19. 35 GHz operating frequency. Advances in milli-
meter wave materials and semiconductor devices, occurring in the mid-
1960's, made possible the development of a completely solid-state elec-

(3),

imager conducted by NASA in 1967 demonstrated its successful application

tronically scanned radiometric imager Tests of an airborne prototype

to mapping of rain cells in cloud cover and also identified potential capa-

(4)

bilities for sea state and sea ice applications An evaluation of the test
results established the final design specifications for the 19. 35 GHz radi-

ometric imager .0 be flown on the Nimbus E satellite.

Subsequently, NASA conducted extensive airborne investigations
of the frequency dependent emission characteristics of sea state and sea
ice phenomena. The results of these investigations led to the selection of
sea ice mapping as a principal application for an advanced mcdel of a
radiometric imager to be flown on the Nimbus F satellite. This imager,
developed in the time period 1971 to 1973, operates at 37 GHz and simul-
tarneously nieasures both the horizontally and vertically polarized compo-
nents of surface radiation. It is currently installed on the Nimbus F

spacecraft which is scheduled ior launch in the latter half of 1974.

The second category of millimeter wave sensors implemented on
the Nimbus E and F satellites are criented to quantitative measure.ment of
atmospheric parameters. These parameters include: the temperature of
discrete layers of pressure altitude and the integrated path contents of toth
liquid water and water vapor. On the Nimbus E sa.ellite, this information
ias supplied by a five-channel millimeter wave spectrometer. Three chan-
nels centered at 53.65, 54.9 and 58. 8 GHz in the oxygen absorption spec-
trum respond to radiation originating predominantly from 10-km-thick
layers of the atmosphere centered respectively at altitudes of approximately
4, 11 and 18 kim. Two channels centered at 22. 235 and 31. 4 GHz respond-

ing to water vapor and liquid water respectively, provide information

F5-3
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regarding atmospheric moisture content. A high degree of accuracy 1s
required of these radiation measurements in order to provide metcoro-
logically useful information. Limitations in receiver sensitivity par-
ticularly for the 50-60 GHz channels which existed at the start of the
spectrometer develupment in 1969, precluded spatial scanning. The
successful design within spacecraft payload constraints was made pos-
sible by developrents in millimeter wave latching ferrite switches and
Gunn oscillators, A factor of four improvement over the originally speci-
fied sensitivity was achieved in the flight model spectrometer due to
recent advances in the technology of Gallium Arseaide Schottky barrier
diodes, The results achieved by the interpretation of the data from the
Nimbus E miilimeter wave spectrometer have demonstrated the ability to
provide useful rstimates of atmospheric temperature profiles in the pres-
ence of most cloud cover conditions where profiling by infrared sensors
is impossible. The ability to proviae quantitative indications of atmos-

pheric water vapor and liquid water has also been shown(s).

The following sections summarize (a) tte impact on sensor design
of the radiation emission characteristics used in the specific applications,
and (b) the design features of current spacetorne millimeter wave sensors

and projected future requirements.

SURFACE AND ATMOSPHERIC EMISSION

Millimeter wave thermal radiation levels are conveniently char-

acterized by a brightness temperature value, T, equal to the temperature

of an equivalently radiating black bedy. As indiated in Figure 2, both
surface and atmospheric radiation contributions are included in satellite
observations. The observed brightness temperature, TB »i8 described by
'I‘B = tleTH pTS)ri Ta . Where t and Ta are, respectively, the transmis-
sion factor and radiative emission associated with the atmospheric path
between the surfuace and the senzsor. The quantities € and p correspond,

respec'ively, 1o the emissivity and reflection factors of the surface. The

thermometric temperature of the surface is givea by T, while the brigh*.

ness temperature, TS , characterizes the atmospheric radiation incic:nt
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on the surface which is in turn reflected toward the sensor with a Midgnl=
tude TS . For surfave sensing applications, operating frequencies are
chosen in the atmospheric transmission bands with the objective of making
the surface enussion, €T the predominantly observed radiation, 1i. e.,
'I‘B =€l . Inlike fashion for an atmospheric sensing applications, the
appropriate atmospheric absorption band is selected to minimize the con-

taminating effects of surface emission,

Surface vimission characteristics must be considered in the
selection of a sensor design for a particular application. The selection
process can be understood by ex-unining the requirements in sea ice sur-
veillance. There it is desired to detect the boundaries of upen water leads,
and also to observe those contrast features associated with ice bodies of
varying composition and structure, The detection of opcn water bodies
can be optimized by selection of sensur polarization and look angle to
maximize the contrast observed between water and ice. The contrasts
permitting the detection of changes in ice quality are maximized by selec-

tion of sensor operating frequency.

Millimeier wave radiailonirom calm waiev surfaces is much lower
than that from ice surfaces. As a result of the higher level radiation
emitted from ice surfaces, water bodies are distinguished by their "cold"
contrasts with respect to ice backgrounds. Recent investigations show the
radiation from ice surfaces to be relatively insensitive to sensor polari-
zation and look angle(b’ & 8). Consequently these sensor parameters are
selected to maximize the contrast of water bodies. The depencence of
radiation from water surfaces on sensor view angle and polarization is
shown in Figures 3a and 3b, From that data it is seen that horizontally
polarized sensors employed at a view angle of 40° to 60° with respect to
nadir provide maximum values of "'cold" contrast for water bodies, The
remaining sensor parameter, i.e. the operating frequency,is selected

to maxtmize the contrasts associated with different types of ice,

Differences in the millimeter wave radiation emitted from ice
bodies are believed to result from variations in brine distribution charac-

teristic of the ice age. lce is conveniently described as ""new' or "old. "

F5-6
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New ice is considered to have heen ~ecently formed and not to have expe-

I AT

rienced the recurrent thawing and refreeczing which tharacterizes the

P

thermal history of old ice. In newly fermed ice the surface concentration
of brine is sufficient tu ~2use absorption and emission characteristics

similar to thosce oi a black body. The gradual dowrward migration of

e

brine with age and/or acceleration of this trend during thawing condit.ons

leaves a sur{acc residue of 1ow brine ice partialiy filled with pockets

L b evacuated by the brine. The lowered dircut ernission of the resalting
surface ice as well as the scattering of internal radiation by the air

puckets causeg radiation froin old ice to be significantly lewer. Theo-

P o TR b e

retical predictions based on this model appear to be in agreement with
P L1 8

direct experimental observations (9,10, 11, 12)_

3
?
; The frequency dependeuce of the radiation emitted from old sce,
L new ice and calm wate~ suriaces is presented in Figure 4. 1t is seen from
13
: this data that in the vicinity oi 37 GHz, contvasts indicative of ice age arc
' equivalent in magnitude to thoge cbuerved for water bodies. Thus an
operating frequency of 37 GHz .ppears best suited for sensing both the
are-dependent featur<s of 2eu ice as well as the presence of water
! surfaces.
o
Lo Consicderation sf the variouws sarface mission characteristics !

,as shown that the mcoot useful contcosts for sea ice sur seillance are

Ry

previded by a sernsor resnonding 10 herizoniuliy polarized 37-GHz radia-

tion observed 2t view angles in th2 vicivity ol 50°. Larger view angles %

cre excluded Ly consideration of vensor spatiai :esolution. j
Quantitartive measuremencs of surface radiation are frequently

necesgars irn scivntific investigations of surface phenomena. These meas- )

urements require that the contaminating cffecis of the intervening atmos-

vhere be evaluated. The krnown -adiation charscteristics of water suriaces

ot

permit them to he used as known refereace sources of surface radiation.
From Figures %5a and 5b, resoe ttively, it is scen itnat tiie horizontaliy and !
verticaliy polarized componenis of radiauon from calm seas are essentially !

independent of water temperature. A large difference between the two ‘

5-8
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polarization components is also noted. It is thus apparent that sea surfa. e
radiation can serve as a constant source of radiation for the purpose of
evaluating the transmission and radiation properties of the atmosphere.

The remwotely observed values of horizontally and vertically polarized

surface radiation are equally affectesd by the atmospheric path to the sensor.

Consequently, from the difference of the remotely sensed values of horizon-
tally and vertically polarized radiation, it is possible tu infer the atmos-
pheric path transmission factor, t . This quantity, together with the abso-
lute radiation values measured for the individual polarizations, identify
the atmospheric radiation, TA . These values of t and TA derived from
water surface observations may then be employed to correct for atmos-
pheric effects in measurements of adjacent jice surfaces having the same

atmospheric environment.

RADIOMETRIC IMAGERS FOR METEOROLOGICAL SATELLITES

Imaging radiometers developed for the Nimbus msteorological
satellites employ electronically scanned phased array antennas in order
to map the earth's surface. The 19,35 GHz imager on the Nimbus E satel-
lite linearly scans a horizontally polarized antenna beam over a +50° range
of nadir angles in a plane perpendicular to the flight direction. The 37-GHz
imager on the Nimbus F satellite conically scans a dual-polarized aatenna

beam at a constant nadir angle of approximately 45° as shown in Figure 6.

Basgic Configuration

The essential system elements comunon to both imagers are
shown in Figure 7. The beam steering nztwork is synchronized by the
timing and control unit to actuate a step-wise angular scan in which dis-
crete surface elements are individually measured for equal time intervals.

Overlapping of adjacent surface samples insures uniform mapping.

A radiation brightness, Tb , + 'om a surface element within the
main beam of the antenna results in an anteuna radiation temperaturc out-
put signal, TA = EbTb . Where E,  is termed the main beam antenna

b
efficiency of the antenna. A performance requirementof E. 2 6.9 was

b

F5-10
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a principal design objective for the phased array antennas. A transmission
lose, L, within the antenna and its connecting line to the receiver further

reduces the gignal at the recewver input to a level, Tq = (Ebth) 'l'b .

The radiometric receiver consists of a low-noise millimeter wave

N - ———

recciver which is preceded at its input by a ferrite switching network. This

network is activated by control unit timing signals to switch the receiver

input, at a 600-Hz rate, between the antenna and a hot body reference at
known temperature, 'l'Rl = 300°K. The resulting input to the receiver thue
§ : alternates periodically between levels TA and TRl . Double sideband

type superheterodyne receivers are employed to provide a predetection

; gain degcribed by a bandwidth B and a noise temperature Te . Upon

: square law detection, the periodic waveform 1s amplified and synchronously
demodulated te produce an output voltage, e, = Gr( I‘Rl-TA) , where Gr

i8 the system radioimetric gain.

The reference temperature, TRI , 18 controlled and monitored
with an error of 0. 1°K. Consequently, it is then possible to accurately

infer the value of TA to the extent that Gr is accurately known. Updated

T T SRR T TRy

values of G_ are accurately derived from a calibration following each
scan, During calibration, the input network substitutes a cold reference

source at a known temperature, TRZ , in place of the scanning antenna.

In the spacecraft imagers, this reference is supplied by a wide

beamwidth scalar feed horn antenna ditected toward the cold sky. The
recorded receiver calibration voltage, €ial - Gr(TRl- TRZ),permits the
antenna temperature, TA' to be determined by TA = TRl-(TRl-I‘RZ)(cO/ecal). 3
This relationship is used in subsequent ground-based data processing to

determune the hrightness values of individual surface elements. Because

ot potential errors introduced by various thermal radiation sources, their

termperatures are monitored and periodically recorded for data correction

purposes. i
!
|

The errors introduced by systemthermal noise are represented
by ATA , an rmas value of fluctuations in antenna temperature given by: ;

- -1/2 'j
AT, = 2T_+ T,NBr)

F5-14




where 71 is the time that individual surface elements dwell in the scanning
antenna beam. Taking into account the transmission loss associated with
the antenna as well as its beam efficiency, the rms errov in the measure-

ment of T, , i.e. NEAT, is ther given by NEAT = E‘ll,(ATA) .

b’
The receiver outputs corresponding to the individual surface

measurements as well as calibration voltages and '"housekeeping'® data are

individually digitized and interfaced through a parallel-to-serial converter

to the spacecraft data reccrding system.

Nimbus E Radiometric Imager

At an orbital altitude of 592 nautical miles, the 19.35-GHz
vadiometric imager on Nimobus E has a subscatellite surface resolution of
14. 5 nautical niles, A cross track scan of #50° covers a path width of
approximately 1700 miles on the earth's surface. The system perform-
ance parameters of the imager together with the specifications of the

antenna and receiver subsystems are presented in Table 1.

The basic nperating mode discussed above and the block diagram
of Figure 7 serve to describe the operation of this instrument. The
antenna beam is stepped through 78 steps in a scan period of approxi-
mately 4 to 5 seconds. An observaticn time of 50 milliseconds at each
beam position results in a value of NEAT =1°K. Absolute temperature

calibration errors are less than 2°X&.

The imager employs an electronically scanned traveling wave
typc planar array shown in Figure 8a, The pianar array consists of 103
linear array elements congisting of edge-slotted waveguides which are
connected through Reggia Spencer type ferrite phase shifters to the indi-
vidual slot apertures of a similarly slotted waveguide section. Radiation
collected by that section constitutes the antenna output to the radiometric
receiver. The number of slots and their tapered coupling to the linear
arrays detesmines the intrack beam characteristics of the antenna. Simi-
larly, the number of linear arrays and their tapered coupling to the col-

lecting section establishes the cross track beam shage.

Incrtialess electronic scanning is8 accomplished by current con-

trol of the individual phase shiftei's located in series with the linear

F5-15
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Table 1

DATA SUMMARY FOR ELECTRONICALLY SCANNED
RADIOMETRIC MAGER ON NIMBUS E SATELLITE
LAUNCHED NECEMBER 11,

Imaging Parammeters

Orbital Altitude

Subsatellite Surface Resolution
Surface Swathwidth
NEAT

System Paramecters

Center Frequency

Dvnamic Range

Cross Track Angular Scan
Bean: Positions

Absolute Accuracy

Antenna Parameters

3-dB Beamwidth
Polarization
Beam Efficiency
Receiver
Type
Center Frequency
IF Frequency
Bandwidth
Double Channel Noise Figure

Physical Configuration

Dimensions
Weight
Deployment

Power Consumption

F5-16

1972

600 nauticai miles
14. 5 nautical miles
1700 nautical miles
1. 59K

19. 35 GHz
50°K - 330°K
+50°

78

1. 5°K

1.4° x 1. 4° (broadsidej
Horizontal

>90% (within £35° scan angle)

Superheterodyne
19. 35 GHz

100 MHz

300 MHa2

6 dB

37 x 37" x 4

68 1b

37" x 37" face — nadir peinting
42 watts at 24.5 Vdc
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arrays, which are oriented in the flight direction. A linear distribution
of these relative phase shifts focuses the beam in the cruss direction at a

nadir angle determined by the phase slopc. Sets ot phase shifter currents

are seledted to pruvide phase glopes corresponding tu different pointing
angles. These are then selected in a programmed sequence to step-scan
the sensor in the cross track direction. Errors introduced by these phase
shifters are sufficiently low to traintain sidelobe suppression of greater
than 23 dB and beam efficiency in exccess of 92% for most beam pointing
angles. A total transmission loss of less than 2.2 dB results from the

waveguide and phase shifter elements of the antenna.

A tive-port ferrite switching network used for modulation switch-

ing and calibration introduces insertion loss of less than 0. 8 dB.

The superheterodyne receiver input consists of a balanced mixer
with silicon Schottky barrier diodes driven by 2 Gunn-type local oscillator.

This 1s followed by a low-noise IF amplifier with a 100-MHz bandwidth
centered at 100 MHz.

These radiometric receiver components together with the post-
detection, beam steering, and timing electronic circuitry are mounted on
the back surface of the phased array antenna as shown in Figure 8b, The

~esult 1s a very compact package configuration with a thickneas of 4 inches.
Nimbus F

The 37-GHz radiometric imager installed on the Nimbus F satel-
lite is oriented to sea ice applications. Its basic design principles are
similar Lo those of the imager operating on the Nimbus E satellite. The
fundamental ditferences in comparison to the imager on the Nimbus E
sutellite are illustrated by the block diagram of Figure 9 and by tte sys-

tem perforraance and subsystem specifications listed in Table 2.

In addition to an improved angular resolution as a reault of
shorter wavelength, significant differences from the Nimbus E imager
incluae: (a) sensing of both polarization components of the observed radi-

ation and (b} conical scanning of the beam pointing angle.

F5-18
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Table 2

SPECIFICATIONS FOR 37-GHZ DUAL POLARIZED
IMAGER ON NIMBUS F SATELLITIE

_b_‘_yate:n Parameters

Center Fregi:2nuy

Dynamic Range

Conical Scan Arc
Beam Pos. tions

Absolute Accuracy

Antenna PParameters

Reamwidth

Ream Efficiency

Receiver Parameters

1F Band

Double Channel Noise Figure

Physical Cenfiguration

Dimensions
Weignt
Deployment

Power onsumption

37 GHz

509 to 330°K
+35°

71

2°K

1.17° x 0.73°
>90%

10 - 110 MHz
6 dB

39” x 39” x 4”
99 b
39" x 39" faces forward

55 watts at 24, 5 volts

Design principles similar to those of the 19. 35-GHz imager were

employed for the 37-GHz dual polarized array. In addition to higher {re-

quency opecration, the primary challenge was the requirement for J.

1€

angular c¢oincidence of the orthogonally polarized beams.

Instead of edge-slotted rectangular waveguides, the individual

linear arrays employ square waveguides with planar crossed perpendicula:

slot radiating apertures. The perpendicular slots of the individual aper-

tures are coupled to the two orthogonal transmission modea in the square

waveguide. Beam pointing coincidence of the cross polarized beains is

F5-20
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achieved by equalization of the effective interelement pliase shifts 1n the
two o1thogonil transmission line modes. /.. the outputs ot the 109 indi-
vidual linear array elements, orthomode transducers separate the two
polarization components of the received radiation into two individual rec-
tanpular waveguice outputs. These two polarization ¢component are then
individually beam-steered by two groups of current controlled phase
shifters. The phase shifter outpuis of both groups are collected by a
separate edge-slotted waveguide array to form the two orthogonal polari-

zation ports of the antenna.

Thesc antenna ports feed two separate 37-GHz radiometric
receivers which are designed on the same principles employed in the 19. 35
GHz imager. The configuration of the assembled instrument 15 se<n in the
photographs of Figures 10a and 1Cb which respectively show the nlanar
antenna surface and the electronics equipment mounted on the back surface
of the antenna. The flight model has been successfully tested and installed

on the Nimbus F spacecraft,
FUTURE APPLICATIONS AND TECHNOLOGY

Current applications of millimeter wave radiometric sensors on
metecrological sate lites have demonstrated the ab.lity to close inforima-
tion gaps resulting .rom the inherent limitations of sensors at visual and

infrared wavelengths,

Future applications of millimeter wave passive sensiny from
satellitee appear oriented toward significantly improved spatial resolutioa
and toward achievin  an improved interpretation of surface phenomena by
simultaneous seny.ng at several wid~1y separated irequencies. Large
platforms, e.g. Shuttle, accominodating antenra dimensions of several
meters, would permit 3uU to 40 GHz seasors io achieve surface resolutions
of lecs than one nautical mile. However, in addition to spatial resclution,
useful applications of imaging also imply some minimum requirements for
scanned field of view and system sensitivity. Consideratior. of these
requirements identifies the need for Figher rates of antenna scanning and

receiver noise reduction that are associated with progressively improved

F5..21
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spatial resolution. Current system noise levels are within a factor of four
from the minimum noise background established by earth surface radiation.
Consequently, present single beam/receiver scanning type sensors are
limited in principle to a factor of four improvement in spatial resolution.
For greater values of resolution improvement, these sensors will experi-

ence a directly equivalent reduccion in measurement sensitivity.

More immediate .estrictions on high resolution imaging are
imposed by antenna scanning technology. For any significant {ield of view,
mechanical scanning of high resolution sensors does not appear compatible
with spacecraft attitude stabilizatiom requirements. For present elec-
tronically scanned antennas, switching time limitations in the ferrite phase
shifters must Le reduced to perinit significantly greater scan rates. This
however will most likely be achieved at the cost of higher power consump-

tion which is bounded iy spacecraft power allotted to individual sensors.

Analysis of phased array antennas used in curient spaceborne
millimeter wave imagers indicates that mechanical tolerances and loss
considerations limit their ichievable resolution improv ent to a factor

of four,

Thus, for those applications requiring large improvements in
spatial resolution without sacrifice of system sensitivity, it will be neces-
sary to develop new systeras concepts. Such concepts will most probably
resort to multiple beam antennas and multiple receivers to simultaneously

sense numerous surface resolution elements.

A variety of ground-based multibeam passive sensor concepts
have been implemented by radio astronomers for celestial mapping.
Some of these concepts employ IF beam-forming techniques and may prove
adaptable to satellite-based sensing. However, practical implementation
will require dedicated developments in the areas of array antenna, inte-
grated circuit low-noise receivers, and IF beam-forming techniques. In
this respect, millimeter wave passive sensing may follow the same path
experienced in the evoluticn of thermal infrared sensors from single

detector scanners to sophisticated multidetector arrays.
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ACTIVE MILLIMETER-WAVE INTEGRATED CIRCUITS¥*

H.J. Kuno and Y. Chang

Hughes Aircraft Company

Torrance, California 9050¢

H. Jacobs and M.M. Chrepta

U.S. Army Electronics Command

Fort Monmouth, New Jersey 07703

ABSTRACT

This paper describes a new class of active millimeter-wave
integrated circuits of high resistivity silicon image line
dielectric waveguide configuration. Integrated FM oscillators,
PIN diode modulators, detectors, and an oscillator-modulator-
detector module have been developed.

* This work was supported by the Army Integrated Electronics,
Electronic Technoloygy & Devices Laboratory, U.S. Army
Electronics Command, Fort Monmouth, New Jersey undex
Contract No. DAABQ7-73-C-0279.
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ACTIVE MILLIMETER-WAVE INTEGRATED CIRCUITS*

H.J. Kuno and Y. Chang

Hughes Aircraft Company

Torrance, California 90509

Y. Jacobs and M.M. Chrepta

U.S. Army Llectronics Command

Fort Monmouth, New Jersey 07703

SUMMARY

Solid state millimeter-wave devices have developed
ropidly into components for practical systems in recent
years. However the cost of vaveguide circuit components
is relatively high. This is partly due to the close
tolerances required at millimeter-wave lengths. The low
cost microwave integrated circuit (MIC) utilizing strip-
line or micrustripline configuraticns at lower microwave
frequencies is not directly applicable at millimeter-wa- 2
ranye because of practical limitations such as excessive
losses and geometric limitations at high frequencies.

It has been showr that rectangular dielectric waveguide
can be used for effective low loss millimter-wave trans-

4

mission. ™ Chrepta and JacobsS-7 have recently demon-

strated that, by using high re=sistivity semiconductors
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such as silicon as dielectric waveqguides, active devices
may be integrated into the dielectric guide. 1In this
paper, we report the successful integration of millimeter-
wave devices into silicon dielectric guide circuits at
V-band (50-75 GHz) which demcnstrates the feasibility of

a new class of low loss and low cost active millimeter-
wave integrated circuius capable of performance comparable

to those of the conventional waveguide circuits.

Shown in Figure 1 is a cross-sectional view of a
dielectric waveguide integrated FM oscillator. The wave-
guide was made of lhiigh resistivity {7900 ohm-cm) silicon
of 0.100" in width and 0.022" in height placed on a guld
plated metal image plane. The image plane was also
used as the oscillator heat sink, electrical ground, and
mechanical support. The above guide dimensions were
chosen to allow low loss propagation of the dominant
E], mode in the V-band (50-75 GHz) range. A packaged
IMPATT diode with extremely low parasitics (package capa-
citance = 0.1 pF and inductance = 0.04 nh) was placed in
a hole in the silicon dielectric guide and mounted on
the image plane as shown in Figure 1. The diode was
located about 2.5 wavelength from one end of the dielectric

guide. The other end of the dielectric was tapered to

S1-3




an angle of about 30° anl inserted into a regular WR-15
metal waveguide. The angle was chosen to einsure smooth
dielectric to metal guide transition. Maximum CW output
power of 50 mW was obtained at 58.3 GHz when the diode
was biased at 180 mA. The oscillator frequency was
continucusly tunable by varying the bias current over a
bandwidth of 6 GHz. Shown in Figure 2 is the tuning
characteristics of the integrated oscillator. The output

power variation was less than 1 dB from 55.7-58.7 GHz.

Figure 3 shows an integrated PIN dicde amplitude

nodulator. The circuit contiguration was similar to that
of the integrated oscillator. Maximum on-off ratio of
10 dB was measured bhetween 6 mA forward bias and 5 volts

reverse bias.

Figure 4 shows an integrated detector. An Au-Ni
whiskoer was used to contact the detector diode (junction
diameter ~ 5 um). The detector sensitivity was about

30 mvV/mwW.

We have also constructed an oscillator- modulator-

detector module and have demonstrated the feasibility of

multi-functional millimeter-wave integrated circuits.
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IMAGE PACKAGED HEAT

PLANE IMPATT SINK
DIODE

DETAILED VIEW OF
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MINIATURE PEDESTAL
| AND MILLIMETER WAVE ANTENNA
E

F
!
} 3 by Douglas G. Worth

E Radiation, A Division »f Harris-Interty pe Corporation
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ABSTRACT

This paper will discuss the mechanical design of a miniature antenna pedestal designed and built
L by Radiation in 1973 for the Department of the Navy. This unit is designed for usge atop a Navy submarine
periscope, hence it is imperative that it be of minimum size and weight. These and other design parameters will
» be discussed in this paper and the design effected as a result will be explained in a technical manner. The design
of the pedestal is dictated primarily by the limited space available. Unlike most antenna structures which are
designed from the “ground-up,” this limited space dictated that the pedestal be designed from the “outside-n.”

Another complexity of the design is the requirement to have several pieces of electronics mounted directly to,

E‘ and moving with, the norn in order to reduce RF losses. Photographs of the pedestal are shown in Figures i
and 2.

v ———

4
| 3
| .;
! g
i i

»
3 b
3 s
3

r

FIGURE ]. PHOTO OF PEDESTAL, FIGURE 2. PHOTO OF PEDESTAL, |
FRONT QUARTER VIEW REAR QUARTER VIEW
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DESIGN PARAMETERS

tor the particulan application ator a submarnine penscope, several design parameters weie

. IO TR

impuosed upon the untenna.

1. The antenna pedestal assembly must fit and operate inside a radome specially designed
k to adapt to the penscope head and to withstund water pressures and temperature changes

at great depths. Figure 3 shows the details of this radome.

2. The antenna pedestal must be of the two-axes type to obtain necessary sky coverage. The

submariue periscope shail serve as a quasi-third axis which can be poritioned in the general

direction of the satellite.

3. The sky coverage must be such that the antenna will point to any point in space which lies
between the true local elevation angles of 0V to 90% inclusive and shall maintain this cover-
age under all combinations of submarine motions within the accuracy stated in design
parametes 4. The stup's roll is £20° maximum and pitch is £10° maximum. The azamuth

axis travel should be no less than +70°.

- ———— - —— e T & .t bt

4. The pedestal shall have a pointing error of no greater than 0.5°, Of this the static pointing

accuracy must be no greater than 0.3Y, leaving 0.2° for dynamic error.
5. The horn used with the pedestal must be a minimum of four inches in diameter.
Fi i RADOME
!

The size of the radome for this unit was based on studies conduc:ed at the Naval Underwater

i Sound Lab. Two criteria establish the size of the radome. 1t must have a small radar cross scction, and it must

fit behind u cowhng of imited neight when the ship is underway.

Its shape is deternnned by strength requirements, and the bullet shape is the strongest shape
practcal tor use where farge umform pressures exist over the entire exteriur surface. This radome (shown in

; Figure 3) 15 made of a lugh-strength, low RF loss, fiberglass laminate.
{ CONFIGURATION OF PEDESTAL

Having a two-axes pedestal in mind, the most obvious possibility to explore is the elevation
over azimuth configuration. The elevation over azimuth pedestal has a sometimes serious disadvantage of

requinng high azimuth tracking rates near zenith atiitudes. This disadvantage can be effectively elimirated

by canting the azimuth axis ot an angle from vertical. The periscope may then be positioned 1n azimuth, such
that the area of antenna coverage requinng maximum azimuth tiacking rates is shifted out of the sacellite’s

path.
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I the pedestal were to be mounted on a stationary base, cant angle would be chosen based on
the highest tracking rates possible, as well as the intended sky coverage. If tne cant angle is too large, trucking
rates are excessive when the target is near horizon. [f the cant angle is too small, rates are excessive when the

target is near zenith.

Since this pedestal is to be mounted on 2 submarine which rolls and pitchies, the angle at wluch
to cant the azimuth axis is based primanly on the ship’s motions as specified 10 the design parameters. The
azimuth cant angle should be large enough such that 1t will still be positive durning even the worst-case combri-
tion of stnp’s roll and pitch. This worst-case cembination of ship’s motion is +22.4° therefore, the cant angle
was chosen at 25°. This means that the azimuth axis will always make at least 1 2.6" augle with vertical, and

most of the time 1t will make very near a 25% angle. This configuration satisfies design parametets 2 and 3.

Pedestal-to-periscope adapter bousing

Thus 1tem has a cylindrical overall shape. It is machined on top tv sccommodate the raeie ana
its seal, and on the hottom to fit the threaded connrzction on the penscope hiead. Inside e mounts 1or sevesai
preces of electromes and 4 waveguide mode transition. It is important taat the heat generated in the electionies
on and near the pedestal be removed, and hence the adapter housing s made of forged bronze. Neur the top
are four mounting bosses machuined for attaching the azimuth mounting plate. Figures'| and 2 show this piece

as the large bronze housing on which the pedestal 1s attached.

Azimuth mounting plate

Thus picce is bolted directly to the four bosses mactuned m the adapter housimg. The main function ol this

plate 1s to form a baze for mounung the azimuth yoke trunicn bearings and the azimuth drive box. | he

azimuth mounting plate is placed at a 25° angle to hornizontal, and the yoke turns about an axis which s

perpendicular to this plate. Other equipment attached to the azimuth mounting plate 15 the azomuth sy nehro ;
and the azimuth bumper stops. This plate 1s shown i the upper right-hand coraer of Figure 4. The shape ang i
size of this plate is determuned by the space wathin the area it fits. Due to the 259 shant at which it s mounted, I3
the azimuth mounung plate’s lower end hes in the pedestal - ta-penscope adapter housing ana its uppers end lies !

1 the radome. Al gears used i the pedestal are stanless steel. Al dove gears are miade of type 17-3 PH stain- :

fess because at the hagh strength of tus alley. To elinunate diffesential thermal expansion between tie azimuily

drive gear and the mating pear. as well as for the stiffness, the mtenal used tor tos plate s type 303 staniess

steel.

Azimuth drive Hox

The three-stage a/imuth gearbox has an overall gear rato of 11221 Refer 1o Figure S The geahox consiniy
ol a housing and cover enclosing the dnve motor and the first-stage pionfeear panr. Outside the pearbox i
anuther punon and gean stage. Fhe gear of this stage s on dler which meshes wath the azimuth dove pear The
diive motor s o de torque type witiva peak stall torgue rated at 9-meh vunce. s donensions are 1.5 mches OD

and 0.375 anch wide. Fowas fust considered to use a de torque motor duectly coupled to the 171 axes m

aaumuthoand elevation. However, the physical size ol o motor producing full dnve torque prohiited tns
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approgch. Also, use of o gear reduction alfows the motor to operate at higher speed. This reswits m a higher
operating voltage level due 1o the larger hack EME. Operating withh this higher back EMF s ber - chicial because

at these Tughier values, it cm better be utihzed to close a velocity loop in the servo system.

The azunuth dnve gears wie made from type 17-4 PH stainless steel. All gears are withun tie
AGMA quality number range of 12 1o 14 with backlash designation Do Azimuth drive gears inside the gearbox
have o hizmetral puch of S6, wlile tose outside are 80 pitch. Backlash at the 101 azimuth axis s approxunately
one-tenth degice. The aziauth synchiro s run directly off the 1:1V azimuth dnive gear via a tvpe 303 stuinless
antbachlisli gear. Siace the gears are stamless, the gearbox is made ol type 303 stainless steel. This compen-

sates Tor thenmal expansion, winle at the same ume providing additional stiffness.

Al beanngs e the aznmuth gearbox are preloaded by the same method, use o wave spring
wishers un the outer tice ol one of the two bearings on a shaft. gall bearings are used exclusively throughout
the antenna. Due to the dean enviconmentanherent with the use of a sealed radome, no contacting seals are
used onany beanngs. Since there are only twogear shalts in the pedestal which ae nearly vertical, there are
only two places mthe pedestal where dirt could fall directly mto a bearing. Two bearings m the cover of the
aamuth geabox are shielded tor this reason (see Figure §). The deaision noi to use contacting seals on any
hearmgs throuziiout the pedestal was made Tor two reasons. The friction in the pedestal is a major contributor
to the torque badgets i botcaxes, even without sealed bearmgs. Also, there are places in the gearboxes wliere

the extia wadth o1 3 sealed bearmg makes the hearig 1oo bulky for the space available.

Yoke

The shape and size of the radome imtenor is a large factor i determining yoke design. The fact
that the yoke tns abaut an axis that does not coincide with the vertueal center line of the radome fixes the
envidepe volume v which the yoke must it Thus envelope turas out to be ice creany cone-shaped. That iy,
ihe y uke must be cut Tram a prece of metal hat has the geometry ol a sphere esting in the lurge end of u cope.
Tiic angle of tns cone s 07 (2 tmes 257) and it mtersects the sphere tangentially. Refer to Figure 6 for the
yoke conlignrniton. Since the yoke Eouses part of the elevation gear train,at is made of tvpe 303 stainless

steels thus el g ditferentat thermal expansion while providing stiffness and strength.

Al the fower end ot the yoke s the azimuth trumon wloch fits into bearines m the azimuth
muunting plate. A maddnnea arca imside this tumon accommadates the azimuth rotary jomt. Immediately
ahovsshe trumon, the azimuth dove gears attached to the yoke. The yoke armis aie lormed just above the
Adave wea The starboand vohe arms devioted entirely to housing the e} vation drive box. while the port
vohe arm houses the clevation tatiy qomt, the port elevaton tumon aid bearng, elevation zero pinhole, and
clevanion bumper stops. A slot s maclimed wong the eenter ol the port yoke aim to aceept the wavegide run

b tween the azimuath and elevation rotiny joinls.
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Elevation drive box

The volume available for the elevation drive truin 1s constderably fess than that avalable 10
azimuta. As a result, the elevation motor and gear train are an mtegral part of the yoke assembly, as can he
seen in Figures 6 and 7. The clevation drive moter is the same as that Jescubed tor the azmuth dove box
The motor and first pinion/gear pair are located in the type 303 stainless steel elevation gearbox covei. Lhe
elevation axis main drive gear and the sterboard elevation trumon bearing are housed by the yohke iseli. The

overall gear ratio of the twu-stage clevation drive train is 75.111:1.

The elcvation synchra is driven by a segmented gear which s pressed into the starboard y ohe arm.
The synchro shaltss sttached to a type 303 stainless antbacklash gear which mesl.es with the sepmiented sea
The gears are of the sume material and AGMA ¢uality as the aznmuth dove gears. The diametial pucio s 96
Backlush i the elevation gearbox easured at the 1:1 axis is also approximately one=tenth degree. A in toe
wzimuth gearbox, beaniegs ars all radial ball-type with no seals, and in this case, 1o shieids sinee there aie no
bear 'ngs expused to an vpening in the gearbox. The elevation drive umit 1s completely enclosed . encasi
moeto s all beanngs and gears: and the starboard clevatio.: truwon as shown i Fugure 6. Preloading s oltseel

as i aimuth by the use of a wave spring wasiter arrangement on cach shatt i die geatbox .
HORN

The norn has the shape ot a nght truncated cone. The lens has @ patabolic curvatuie. the cuaved
partions on the inside, while the outside surface 15 Nzt with concentrie grooves. The mcluded angle ol the
- ) . . .
core 1s 60" and the inside drame et of the large end s four nehies. The orm s made o type 0061 T -6

aluninum, and the lens s a diclectnie of low RF attenuation.

Soveral shaped mounting surtaces are machined mto the extenor of the hor bods These mounis
are desiened to accommodate several preces of electronic equipment. Three units are attached directiv e
Bota to reduce RE Tosses, the fow nose amphfier, IF amplitier, and third-stage local osoidlator. Ot ans
attached 1o the hora extenor are the acceleromcier and the elevation syachro mount. Tie accekeromee:
furnishies anmput to the positioming electronics (servo system) o account for slips matyon, peiscape totation.

ety
POINTING AND TRACKING CHARACTERISTICS

Sky coverage

For the pedestal to he capable of pointing hetween 04 and 90 local elevation angles. tive
elevation axas teavel must be greater than 90 by twice the angle of the worst-vise combiation ol ship's sl
and prtch. This worst-case combmation angle 15 22.4% hence the angle wlieh the elevation anis mu-t subiend
i 134 K% With tie peniscope perlectly vertical, tiien the pedestal will point 22 4 heiow honzon and 224
beyond senth . Dunng even the most viotent prtcling and rolling of the submanne., e true focal elevaion

Took angle will be at least 0 to 90",

$2-5
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The asnrath axis travel s £70Y. Due to the 259 azamuth cant angle, this results in a true local

(3]
azimuth angle subtendng £71 .

Adjustable ahiznment pin receptacles are supplied for zeromng both the aznmuth und elevauon
P - - ]
anes. There are two recepladdes m elevation: one tor zeromg at 0" elevation and one tor 25 Only one

- )l
ahznment pureceptacie is provided in aznmuth; thiss for Zeromg at o,
Pointing error

[he pomber erroe of the nedestal s specified (o be tess than 0259 with fess than 0.32 o1 tos as
] ! : I

the statie pamuig crron, and fess than 0.2% as the speaficd dynamic error. By using lngh-guality dive gears
achieve Tow (iostission e and Bancklashe g igh gear tram accuracy is achieved. By using close toleraaces on
macnunng the yohe, the onthogonality and verticahity errons are vortrolled within acceptable himits. Radial
play m boty the aznnutl and elevation trunion bearings are removed by use of angulay conract bearings and
positive prioadimg. This s done m the azimuth trunion by use of a retainer ring which screws onto wic lower
end of the dneaded truman and bears upon the inner race of the lower beanny (see Figure 4). The elevation
trunron beane preloa s attined by adjusting shina thicknesses which also adjust the length of the elevation
axas. Unlike geanshalts mside the two gearboxes, these azimuth and eleva.ion trunion beanags carry a

lurge enough load that wave spning washers would not be effective in removing radial play. especia'ly under
dynamic condiions. All these mechancal features of the antenna pedestal contribute to a low pointing error.
The servo system accuracy s alsa g great contributor to the pointing accuracy. For this reason, the azzmuth
and elevabion synchros {size 8) are purchased with a specified accuracy of U.05%. These synchros, or angular
posiion resolver | furiish the servo system electronics with data signals mdicating the antenna’s pointing angles
in azinuth and clevation. The synchro-to-digial converter transforms the output of these synchros mnto a
F4-bit digtal posinon waord for use by the computer.

Tracking rates

Ine maxaimum trackimg velocity in elevazion 1s 30%/second and 40%/second 1n azimuth. Maximum
trackimg accelerations are «lU”/sccnnd2 in elevation and ()0”/sccund2 i azimuth. These 1ates are based on Jdata
obtained Lom computer-generated velocity and acceleration plets whicn were made tor an elevation over
anmuth posnoner with the azmuth canted at 259 from verteal. However, the motors have ample power,

and the pedestal mertia s low enough that much higher trickimg rates could be achieved 1f necessary.
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